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ABSTRACT 
The development of metastable phases in the continuous 
precipitation in Cu-1.85 Be-0.25 Co is followed by electron 
diffraction.  A G.P. zone solvus is found between 400°C and 425°C. 
At temperatures as low at 350 C, cellular precipitation is 
a significant reaction in this alloy. The initiation mechanism 
for the reaction is examined and it shows some aspects of a pucker 
mechanism. Once initiated, the reaction; will progress rapidly 
unless it has to compete with  continuous precipitation for 
solute. 
The effect of minor solute additions on cellular precipitation 
in Cu-Be was studied. In particular,  the effects of Co, Al, 
Zr, Bi, Te and Ce were studied.  The role of Co in suppressing 
the cellular reaction at low temperatures is confirmed but it is 
found ineffective at high temperatures. Te and Ce when added 
in small quantities to the commercial Co alloy act to suppress 
the cellular reaction at high temperatures, while not adversely 
affecting the low temperature precipitation response.  Ce and Zr 
seem to stabilize some boundaries from going discontinuous while 
Al and Bi are ineffective in suppressing any aspect of the reaction. 
It is proposed that some highly segregating species might accumu- 
late at the cell fronts and alter the nature of the boundary in 
such a way as to slow down the reaction. 
1. INTRODUCTION 
When Cu-1.8 Be is given an appropriate aging treatment the 
previously soft metal is changed to a hard, wear resistant 
commercial alloy. The hardening is due to a fine dispersion of 
second phase CuBe particles which precipitate from the solid 
solution.  The way these particles are distributed in the material 
and how they interact with the matrix affects the way in which 
the metal yields and thus affects mechanical properties. Yet 
precipitation in Cu-Be, as in many other alloys, occurs by more 
than one mechanism. The microstructure resulting from different 
modes of precipitation will be different, and hence, will affect 
mechanical properties in different ways and to different extents. 
Specifically, this work looks at the continuous (general) 
precipitation and the discontinuous (cellular) precipitation 
in a commercial Cu-1.85 Be-0.25 Co alloy. Dislocation interaction 
with continuous precipitation is the primary hardening mechanism 
for precipitation hardenable alloys. The cellular reaction also 
acts to harden the material but the morphology of the reaction 
products results in a substantially lesser degree of hardening 
(1 2) than for the continuous precipitation.  '   So from a mechanical 
property standpoint, it is a less favorable reaction. 
Both reactions have been extensively studied in non-commer- 
cial Cu-Be alloys.  > > » » ' Yet there remains disagreement 
in- the literature about some aspects of each of these reactions 
in both commercial and non-commercial alloys.  In particular there 
is disagreement as to the existence, structure, and relation to 
the matrix of some of the metastable phases in the continuous 
precipitation sequence.  There is also disagreement as to the 
placement of metastable phase solvus lines, particularly the G.P. 
zone solvus. 
With regard to cellular precipitation, the kinetics of the 
reaction in both the commercial and non-commercial alloys have 
(2»7L been well documented. The initiation steps of the cellular 
reaction in these alloys, however, have not been studied or 
explained in the literature. Other high temperature precipitation 
modes (i.e. above 500 C) in these systems have not been well 
documented. 
A part of this work, then, was to follow the continuous 
precipitation reaction and define the progression of metastable 
phases for the commercial alloy in terms of structure and relation 
with the matrix. At the same time it was possible to gather 
information on metastable phase solvus lines, Investigate the 
initiation of the cellular reaction, rationalize the reported 
kinetic behavior of the cellular reaction in terms of the 
overall precipitation processes and investigate high temperature 
precipitation in the alloy. 
It is found that during the aging of Cu-Be the two modes 
of precipitation are essentially competing against one another. 
The cellular precipitation has a very large chemical free energy 
driving force and uses grain boundary assisted diffusion, so it 
is a powerful precipitation mechanism.  Continuous precipitation 
is able to compete with the cellular reaction because the 
diffusion distances involved in the reaction are very small. 
It also competes by approaching equilibrium through the formation 
of metastable phases. 
Even after the material has been aged, if it is to see high 
temperature service the cellular reaction will proceed under the 
influence of its driving force and this can lead to a faster 
overaging response than would normally occur.  Suppression of 
discontinuous precipitation could enhance final product mechanical 
properties and extend the lifetime of Cu-Be components now limited 
by softening. 
Methods of controlling the reaction in alloys by the use of 
thermal and mechanical treatments have proved very successful 
in some instances.  *  '   The major objective of this work was 
to investigate the feasibility of using minor solute additions 
as a means of suppressing the reaction. This approach has met 
with some success in the past but there is a paucity of 
reported work in this area, and there is no clear understanding 
of what mechanism is responsible for the observed effects.  In 
the commercial Cu-Be-Co alloy, approximately 0.25 wt% Co is 
added as a means of grain size control and to slow down the 
cellular reaction, yet it is not understood why Co has this 
effect. 
Specifically this work looks at the effects of Co, Al, Zr, 
Bi, Te and Ce on the cellular reaction in Cu-Be.  These additions 
were chosen on the basis of their known or suspected tendency to 
be strong grain boundary segregants in Cu. While the work is 
largely confined to reporting observed results, possible mechanisms 
that could be responsible for the observed effects are proposed 
based on the results of these tests and known material behavior 
patterns. 
2. BACKGROUND 
2.1 Continuous Precipitation 
Numerous investigators have studied the precipitation 
(3) 
sequences in Cu-Be alloys.  Geisler, et al.  ' in 1952 reviewed 
the work that had been done up to that time and concluded that 
precipitation in Cu-Be proceeded by the sequence: 
a  -»-Y" •*■ Y1 -*■ Y ss 
where 
a  is a supersaturated solid solution of Be in Cu, 
Y" is a metastable, b.c. monoclinic phase, a = b = 2.54A, 
c = 3.24A\ 3 = 85°25'.  It is coherent on {100} matrix 
planes with (Hi) J | (110) y.n and [IlOl a||[001]Y„. 
Y' is a metastable, b.c. tetragonal phase, a = b = 2.79A, 
c = 2.54A.  It is coherent on {112} matrix planes and o 
oriented to the matrix by (112) ||(120) , and [110] || 
Ob | Ob 
[001]yI 
Y is the ordered equilibrium phase, B2 superlattice, a = 
2.70A with an orientation relationship to the matrix of 
(111)J|(110)Y and [ilbljl [001]y 
% 
This work had been done almost entirely with X-ray diffraction 
techniques and the alloys were in the range of 1.75-2.75 wt% Be. 
(12) 
In 1966, Tanner    studied the early stages of the decompo- 
sition of supersaturated Cu-2.1 Be-0.3 Co using transmission . 
electron microscopy (TEM).  He concluded that the first stage is 
the formation of thin (1 or 2 atom layers thick) disc shaped 
G.P. zones coherent on {100} matrix planes. These structures 
are evidenced by the appearance of shape effect <100> relrods 
and <H0> strain streaking in the diffraction pattern. This 
observation has since been duplicated many times.  ' ' 
Tanner was not the first to show that G.P. zones were formed 
on the decomposition of the Cu-Be solid solution. Guy et al. 
on the basis of their X-ray work proposed the formation of G.P. 
zones as the initial stage in the precipitation sequence. 
Phillips et al.   ' later used high resolution TEM (lattice 
imaging) to image the G.P. zones.  They showed evidence for G.P. 
zones stacking on adjacent planes and suggested that this is 
possibly the formation mechanism of the y" phase. There is 
disagreement as to whether the formation of a y", b.c. mono- 
clinic phase, is a discrete step in the precipitation process. 
Shiromizu    and Tanner    report the detection of structure 
resulting from the piling of G.P. zones on alternate {100} 
matrix planes. Other investigators  ' '  do not report any 
evidence of such a structure. The small size and high density 
of such a proposed phase in commercial grade alloys makes imaging 
(15) 
of the y" phase difficult so Tanner  y used Cu-1.3 Be, aged 
it above the G.P. zone solvus and was able to image what he 
called y". He reports it as a tetragonal metastable phase 
coherent on {100} matrix planes, rather than a monoclinic phase 
(3) 
as reported by Geisler. 
Wilkes and Jackson/   Bonfield and Edwards,^ ' Nakagawa,^ ' 
(1 6^ 
and Pfeiffer    all report a direct transformation from G.P. zones 
to the metastable y' phase. While there is general agreement among 
(3) 
most investigators with Geisler   about the structure and orienta- 
(8") 
tion of y1 with the matrix, Bonfield and Edwards   have reported 
a different structure for the phase. They report that Y' is an 
ordered B2 superlattice with a = 2.70A and is oriented with 
the. matrix by  (Xl3)    || (130)   ,  and   CLIO]    | | [00l]   ,.   Their structure 
ot _     Y ot      Y 
then is the same as for the equilibrium phase y.    When plotted 
on a stereogram their orientation relationship is within 2 
of that reported by Geisler.    Pfeiffer  ' views the formation 
of Y' as a piling together of G.P. zones. She, too, shows it to 
have a B2 superlattice structure with a lattice parameter of 
«\>2.79A. Wilkes and Jackson   appear to be alone in claiming the 
Y1 phase is coherent with the matrix. Bonfield and Edwards 
report a breakdown in coherency with the formation of y'. 
The direct transformation of y' to the equilibrium Y phase 
by low temperature aging has not been reported to occur in the 
general precipitation sequence. Rather at low temperatures, is 
reported as the product of the discontinuous precipitation 
reaction.  ' ' '   Guinier and Jacquet    claim to have aged 
single crystal Cu-Be to get Y but it was done at a high temperature 
and it was not established that it followed from a series of meta- 
stable phases.  They give its orientation as (110) | | (100) 
with [Oil] | | [001] . 
(3) Geisler   reported that y could be precipitated other than by 
the discontinuous precipitation process at high aging temperatures 
as plate like particles on {111} matrix habit planes with the 
structure and orientation previously reported. Bonfield and 
(9) 
Edwards   reported that y is the product of the breakdown of 
the discontinuous precipitate.  It appeared nodular in their 
images and holds to the orientation relationship found by 
Geisler/3^ 
There are, therefore, discrepancies about some of the details 
of the precipitation sequence in Cu-Be. One aspect of the 
process that has not been resolved is whether each of the meta- 
stable phases nucleate on the previous one, are transformed 
from the previous one, or nucleate independently of the previous 
one.  It is, perhaps, only possible to say that they are found 
to exist sequentially as: 
y  -*• G.P. zones-)- y" -*- y' 
s s 
2.2 Metastable Phase Solvus Lines 
The instability of metastable phases above certain tempera- 
tures leads to the definition of metastable phase solvus lines. 
Some investigators have drawn conclusions about these solvus 
lines for the Cu-Be system. 
Conflicting conclusions were drawn by Wilkes and Jackson 
and Bonfield' and Edwards.    The former used the dominant 
change in precipitation mode from continuous to. discontinuous 
at 320 C as evidence for a G.P. zone solvus near that temperature. 
Bonfield and Edwards, however, report no evidence of a G.P. zone 
solvus in Cu-1.8 Be-0.28 Co up to 425°C. 
(14) Shiromizu, et-al.    did some excellent work using micro- 
hardness and TEM to establish the metastable phase diagram for 
Cu-Be in the range of 1.3-1.9 wt% Be. These results are shown 
in Figure 1.  Thus for an alloy of Cu-1.8 Be the following 
solvus temperatures are defined: 
G.P. zone solvus 400°C 
y" solvus 450°C 
Y' solvus 510°C 
The work involved establishing the structure and upquenching 
to achieve reversion. Though it was not performed for the 
commercial Co bearing alloy it might be possible to extrapolate 
it to the commercial alloy if the effect of Co is defined. 
2.3 Discontinuous Precipitation 
In discontinuous (cellular) precipitation, grain boundaries 
migrate,transforming a supersaturated solid solution into a 
lamellar composite of precipitate and solute depleted matrix. 
If metastable precipitates are present from a continuous precipi- 
tation, they will be consumed by the moving grain boundary. 
It has long been known that cellular precipitation is a 
(2) 
prominent transformation in Cu-Be alloys.  Geisler   reported 
that the early investigators had found the equilibrium Y phase 
10 
70CH 
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(14) Figure 1.  Shiromizu's    Metastable Phase Diagram. 
11 
was the product of a nodular recrystallization reaction that 
occurred at low temperatures. 
Since the earlier work with X-rays, this reaction has been 
the subject of many TEM investigations.  Of these, most workers  ' ' 
describe the products of the reaction as depleted a solid solution 
and equilibrium y.  Surprisingly they offer no orientation 
(ft") 
relationship. Nakagawa   claims that the y  first nucleates 
on the grain boundary with no specific orientation relationship 
with either grain and then coarsens so the final product will not 
be crystallographically related to the matrix. 
Wilkes and Jackson   claim y' *s the precipitation 
product of this reaction.  The a/y orientation relationship is 
(112) ||(120) , and D.10] || [001] . Bonfield and Edwards(6) 
find the structure of the discontinuous precipitate phase to be 
the same as that of the equilibrium y (B2, a = 2.70A) yet 
designate it X I and fix its orientation at (Tl3) | |(130) _ 
and [110] ||[001] y. Williams    used convergent beam micro- 
diffraction to establish the relationship as (TlO) |J(001) , 
and [112] || [110] ,. By redefining relationships to allow for 
the ambiguity in indexing diffraction patterns it becomes 
evident that all these relationships lie within 3 of each other 
which is within the accuracy of electron diffraction.  This can 
be seen in the stereogram shown in Figure 2. There seems to be 
a consensus that the reaction is nucleated only at grain boundaries 
with only Wilkes and Jackson   claiming that twin boundaries can 
go discontinuous. 
■12 ' 
WILKES-JACKSON 
BONFIELD- 
EDWARDS 
O Jf 
WILLIAMS 
Figure 2. Partial stereogram of a/y orientation reported by Bonfield 
and Edwards.(9) Small angle deviations from that proposed by Wilkes 
and Jackson(5) and Williams(^8) are shown. Orientation reported by 
Williams was redefined to a crystallographically identical one. 
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There is also a general agreement that the cellular reaction 
in Cu-Be alloys becomes a dominant mechanism at temperatures above 
approximately 350 C. Wilkes   claims that for a range of 
alloys, Cu-0.5 to 2 wt% Be, discontinuous precipitation dominates 
at aging temperature above 320 C due to a G.P. zone solvus near 
(9) that temperature.  Bonfield and Edwards  ' claim that below 
380 C the cellular reaction is too sluggish and, hence, is a 
minor reaction. Above that temperature it.competes with the 
continuous precipitation and dominates after long aging treatments. 
(2) 
Entwisle and Wynn   studied four Cu-Be-Co alloys and defined 
a temperature range of 380-550 C between which the cellular 
reaction was the principle mode of precipitation. Above and below 
this range continuous precipitation dominated.  They studied 
the kinetics of the reaction and found C curves on plotting TTT 
diagrams. The curves could be displaced to the left, that is 
the kinetics hastened, by increasing Be content, decreasing 
Co content or decreasing grain size.  Cold work was found to 
suppress the reaction. 
Hagiwara, et al.   studied the kinetics of the reaction 
in Cu-2.1 Be and found it different above and below 350 C. 
In both cases the volume fraction of discontinuous precipitate 
as a function of time could be expressed by the Johnson-Mehl 
equation f = 1-exp (-kt ). However, for temperatures below 
o 
350 C the value of n decreased from 2.2 to 1.4 due to competition 
with the continuous precipitation. 
14 
2.4 Precipitation Effects on Mechanical Properties 
In continuous precipitation small, hard phases are distributed 
homogeneously throughout the matrix.  These precipitates interfere 
with dislocation movement, and if coherent with the matrix, they 
can elastically strain the lattice around them.  This, too, 
will hinder slip processes.  The net result is that a soft 
material can be made hard or a hard material made harder.  This 
is particularly true in the case of Cu which can have its hardness 
raised from ^80 HV to ^400 HV by the addition of about 2 wt% Be 
and an appropriate aging treatment. 
The discontinuous precipitation reaction has as its products 
a hard yet very coarse (i.e. many orders of magnitude larger 
than for continuous precipitation) precipitate in a soft, recrystal- 
lized matrix. The structure is strain free since the precipitate 
and matrix are not coherent. Such a structure will be harder 
than the solid solution since the precipitate will give some 
hardening effect and the matrix is not completely continuous. 
However, its effect is expected to be far less noticeable than 
the effect of a fine, coherent precipitate. 
(14) Shiromizu    found the aging behavior of Cu-Be to be that 
of classical precipitation hardening. That is for an isothermal 
age, hardness gradually increases with time to some maximum 
value and subsequently softens on overaging. As he mapped out 
the metastable solvus lines he traced the hardening effect of 
each of the metastable phases in the continuous precipitation 
15 
sequence.  He found, for example, that on aging Cu-1.8 Be 
at 280 C, G.P. zone formation raised the matrix microhardness 
from ^90 HV in the solution treated state to ^220 HV.  Further 
aging to the y" stage raised the hardness to i/300-HV.  Full 
aging to the yf stage raised hardness to <\>330 HV. 
Guy, et al.   also observed typical age hardening behavior 
in Cu-Be.  They noted that higher aging temperatures hastened 
the ageing process but lowered maximum hardness. They were able 
to associate the grain boundary reaction with a softening of 
the material. To isolate the effect of the discontinuous 
precipitation from the normal overaging processes they followed 
the aging behavior"of a tricrystal (Cu-1.6 Be) measuring the 
hardness of the discontinuous precipitate and the hardness of the 
grain centers.  They found that the grain boundary region aged 
faster than the grain interiors but did not reach the hardness 
achieved by the grain centers. For example, during a 300 C 
age the discontinuous precipitate hardened to ^250 KHN while the 
grain interiors reached ^350 KHN. The higher the aging temperature, 
the lower would be each value and the smaller the difference 
between them. 
(2) Entwisle and Wynnv ' also studied the effect of discontinuous 
precipitation on mechanical properties. They used a step quench 
sequence followed by a full age to produce various volume percentages 
of cellular precipitation. They found that as the volume percent 
of discontinuous precipitation increased from 0 to 100%, the 
16 
hardness dropped from ^380 HV to -v210 HV.  This was also 
reflected in a loss of strength and increase in ductility. 
So, while the continuous precipitation reaction has a powerful 
strengthening effect in Cu-Be alloys, it has been shown that the 
discontinuous reaction has a net softening effect on the fully 
aged material.  In applications where Cu-Be alloys are to be used 
for their strength, especially at elevated temperatures, it 
becomes desirable to find a way to suppress the cellular reaction. 
It should be noted that discontinuous precipitation is characteristic 
of many alloys and it generally leads to a loss of material strength. 
There have been several different approaches used in 
attempting to suppress cellular precipitation in Cu-Be.  It has 
been seen that mechanical deformation '   and high solution 
treatment temperatures    can be used to influence the extent 
of the cellular reaction in Cu-Be.  Work has also been done to 
indicate that ternary additions may be added to alloys to 
control discontinuous reactions, and this latter approach is 
discussed in the following section. 
2.5 Effect of Ternary Additions on Discontinuous Precipitation 
It has been known for a long time that ternary additions to 
metallurgical systems, even in trace amounts, can. have a dis- 
proportionately large affect on alloy structures and properties. 
This can arise from their interaction with the defect structure, 
their effects on diffusion rates and solvus lines as well as on 
their effect on grain boundary and interfacial energies.  The 
17 
effect of ternary additions on cellular precipitation has been 
studied in a few systems.  In these cases the additives have been 
chosen, apparently at random, and often, explanations of their 
effects have not been offered. 
(19) Changarnier and Calvet  ' reported that Mn, when added in 
small amounts to Al-6% Cu, stunted the "light reaction" which 
appears to be cellular precipitation. 
" (20) 
Mader and Hornbogen    reported that the starting velocity 
of the reaction front in the discontinuous reaction in Pb-10 at% 
Na can be decreased by a factor of 10 by the addition of as 
little as 0.1 at% Ag. 
(21) 
Ikeno, et al.    showed that Zr, at levels of less than 
0.3 at% had a powerful effect in retarding the discontinuous 
precipitation reaction in Cu-5 at% Ti. Be was also seen to slow 
the reaction down but to a much lesser extent. 
(22) 
Amano and Koyama    found that additions of Fe, Ni, Cr, 
Co, or Ti retarded cellular precipitation in Cu-1.0 Be-4.5 
Sn.  Co, they report, is especially effective while Mn, Zn, and 
Cd had no effect. 
(2) 
As noted before, Entwisle and Wynn  report that the addition 
of Co to Cu-Be slows down the kinetics of the cellular precipitation. 
Beck    reports that Fe, Ni and Co have been known to slow down 
discontinuous precipitation in Cu-Be and shows that Co slows 
down the kinetics of both continuous and discontinuous precipita- 
tion in Cu-2Be.  He further shows that Cr, added in very small 
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quantities to Cu-Be-Co greatly hastens the kinetics of the 
cellular reaction. 
No conclusive explanation of how these additions are affecting 
the nucleation or growth kinetics of the cellular reaction is avail- 
able. Part of the problem has been a difficulty in locating the 
additive in the microstructure. Recent developments of highly 
sensitive microanalysis techniques such as STEM and Auger 
Spectroscopy should prove helpful in locating even trace atomic 
species, and thus, further our understanding of their effect 
on metallurgical reactions. 
Since it was our objective in this work to alter either 
the initiation mechanism or growth kinetics of the cellular 
reaction in Cu-Be with ternary additions, a review of the available 
theories and analyses of these subjects is in order. 
2.6 Nucleation of Discontinuous Precipitation 
(23) 
Tu and Turnbull    proposed a mechanism for the initiation 
of discontinuous precipitation based on their work with Pb-Sn. 
They propose that a plate-like precipitate nucleates on a grain 
boundary and grows with a crystallographic relationship (low 
energy interface/habit plane) with one of the two grains. The 
other precipitate/grain interface is a high energy interface 
and can be replaced by a movement of the grain boundary up and 
over the other face of the precipitate creating another low 
energy interface and embedding the precipitate into just one 
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grain. Repetitive nucleation and branching can occur to set up 
cells.  The driving force for the event is interfacial energy 
between precipitate and matrix.  The mechanism has been termed 
the "pucker" mechanism. 
(24) 
Fournelle and Clark    proposed a mechanism for initiation 
after studying Cu-In alloys. They proposed that allotriomorphs 
form on the grain boundary.  They can have a crystallographic 
habit with one of the grains. The grain boundary bows out 
between these precipitates.  The initial driving force for this 
grain boundary motion is taken to be residual grain boundary 
curvature, and boundary motion is expected to be towards the 
center of the curvature. Once the boundary has started to 
move and a cell is established, the chemical free energy-difference 
between the supersaturated matrix and the cell provides a 
strong driving force to continue the reaction. This often 
is termed the conventional mechanism. 
(25) Williams and Edington    showed how when grain boundaries 
are locally very straight, boundary assisted precipitate coarsening 
can lead to the development of a discontinuous precipitation 
reaction cell.  Their work with Al-Li led them to conclude that 
at isolated regions along a straight boundary there will be 
variations in the size of precipitates that abut the boundary. 
This will provide a driving force for particle coarsening at 
the expense of the smaller particles on the boundary.  The 
enlarging precipitates will be accompanied by a dragging of the 
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grain boundary as they coarsen and grow into a grain. Thus, 
cells can be initiated simply by a particle coarsening effect. 
It is not necessarily true that, in any particular system, 
only one nucleation mechanism, whether it be one of the above or 
one not yet defined^ will be active. Yet the important factors 
or quantities that will play a role in the initiation of any 
cellular reaction will include: 
(1) The presence of, or the ability to, nucleate grain 
boundary precipiates. 
(2) Grain boundary energy. 
(3) Grain boundary/precipitate interfacial energy. 
(4) Grain boundary diffusivity. r 
(5) Grain boundary mobility. 
A sufficient alteration of any of these factors could lead to 
dramatic retardation or acceleration of cellular initiation. 
2.7 Kinetics 
Kinetic models for the growth of cellular precipitation began 
/og\ (27^ 
with Turnbull    who modified Zener's    expression for the 
growth rate of Pearlite to account for the observation that diffusion 
in discontinuous precipitation occurs far more rapidly than can 
be accounted for by bulk diffusion. He considered the cell 
boundary to be the diffusion path and described the growth rate 
(G) of the cell by the expression: 
X - X„    D_' 
G-("V-£) (*  /S o 
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where 
X = atom fraction of B in solid solution 
o 
X = atom fraction of B. in equilibrium a 
A = grain boundary thickness 
D = grain boundary diffusivity 
S = interlamellar spacing 
So growth will be directly proportional to the degree of super- 
2 
saturation, and to D_ but inversely proportional to S .  Such 
a 
a model assumes equilibrium is achieved in the reaction products. 
The system is left to set a value of S based on interfacial 
energy considerations. 
But, Cahn    noted that for this type reaction the system 
cannot reach complete equilibrium segregation for any non-zero 
growth rate and thus the same interlamellar spacing can be 
achieved by different cell growth rates and degrees of segregation. 
He found it necessary to describe the growth rate (G) by two 
independent variables. These are the mobility of the cell boundary 
(M) and the diffusion rate along the cell boundary. Thus 
G = -M • AF 
where AF is the net free energy change of the transformation.  The 
reaction is assumed to proceed such as to maximize the rate of 
free energy decrease per unit area of cell boundary. This will help 
establish the interlamellar spacing. Yet the free energy change 
for the reaction, since segregation is not complete, will be 
dependent upon M and D., as well as other material constants such 
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as interfacial energies. 
There have been other models proposed and refinements made 
to these models but perhaps the most useful, though very quali- 
(29) tative, analysis is that of Hornbogen.     He notes that for a 
reaction such as the discontinuous precipitation reaction, two 
elements of reactions are combined. These are decomposition 
(D) and recrystallization (R).  For such a reaction the boundary 
or reaction front moves according to the relationship 
u " m '   If 
where o is the boundary velocity, m is the grain boundary mobility 
and Zf is the sum of all the driving forces acting on the boundary. 
For conditions where solute transport is almost exclusively by 
grain boundary diffusion the grain boundary mobility is proportional 
,    
DB to —j. 
S 
The driving forces for the reaction can be both positive and 
negative. Positive driving forces for grain boundary motion will 
include: 
fp = chemical free energy change, proportional to the degree . 
of segregation. 
fn = recrystallization driving forces, i.e. from annhilation 
of excess defects and lattice strains. 
Negative driving forces or retarding forces can include such 
things as: 
-f = retarding forces due to segregation of solute or 
s 
impurities onto the reaction front which must be 
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dragged with the boundary. 
2Yag 
-f. = -c  = retarding forces due to creation of interfaces 
between the lamellae of the composite, 
-f ay  = retarding force due to the necessity of 
recreating a/a interfaces after the boundary meets 
and passes through non-coherent particles distributed 
throughout the matrix. 
Another possible force active in the Cu-Be system will come as a 
result of the grain boundary meeting previously formed metastable 
precipitates in the matrix.  It is not known what type of a force 
this would have if any. 
It is to be expected that the boundary will move only when 
the retarding forces are outweighed by the positive driving 
forces, i.e. 
fn + fn - f - f. - f +...>0 D   R   s   i   p 
Quantification of all the variables is very difficult since 
forces are dynamic and interdependent. However, the analysis shows 
us qualitatively that we can alter the growth rate of discontinuous 
reactions. Additions of ternary elements, especially those which 
would tend to segregate to grain boundaries and potentially alter 
the dynamics of the reaction by ways such as affecting DB, exert a 
dragging effect on the boundary, or altering interfacial and grain 
boundary energies could accelerate or retard the cellular growth 
rate.  The possibility also exists that the additive will form 
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a dispersion of fine, non-coherent precipitate throughout the 
matrix that will increase -f and impede the motion of moving 
grain boundaries. 
Having made the decision to try and alter the cellular 
reaction with a ternary addition we are left with the task of 
selecting appropriate elements to achieve the desired effect. 
The following section addresses some of the considerations that 
were made in' selecting the additives. 
2.8 Selection of Ternary Additions 
The effect of different atomic species on the thermodynamic 
quantities discussed in the above models is not available for the 
Cu-Be system.  It seems reasonable, however, that one would want 
to add a species that itself does not form a discontinuous 
precipitate with Cu. 
Meyrick    addressed the problem of what makes an alloy 
go discontinuous as opposed to just forming grain boundary 
allotriomorphs.  Using strictly a grain boundary energy argument 
he proposed that in systems where solute segregates to grain 
boundaries to reduce grain boundary energy (y) the formation 
of precipitates will deplete the boundary of solute and thus 
increase y.  The boundary can replenish its solute content by 
bowing into the matrix and thus reduce y.  The bowing will be 
favored and migration will proceed if the total energy decrease 
resulting from the decrease in y exceeds the increase in energy 
caused by the increase in grain boundary area. He notes that 
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solute/matrix misfit will have an effect on the tendency to 
segregate to grain boundaries and uses Bohm's    observation 
that in Cu alloys cellular precipitation only occurs when there 
is a large difference in size between the solute atom and Cu to 
support his claims. 
At first glance, then, it would seem that atomic species 
that decrease y in Cu are not desirable additives. However, if 
at the same time the solubility of the additive within the matrix 
is so small that bowing of the boundary would not result in a 
replenishment of the solute, the boundary would be forced to 
drag the solute with it or face an increase in y-  (Theories 
on solute drag by grain boundaries have recently been reviewed 
(32) by Simpson, et al.   )  Such highly segregating additives would 
also be in the best position, and probably most potent, in 
altering the important parameters discussed in the initiation and 
growth kinetics sections (2.6 and 2.7). 
Solute segregation in metallurgical systems has recently 
become the subject of much attention. The available information 
on this phenomenon served as a guide in additive selection. For 
this reason, some of the current understanding of solute segregation 
has been summarized in the next section. 
2.9 Grain Boundary Segregation Phenomena 
In many single and multi-phase metallurgical systems the 
distribution of different atomic species has often been found to 
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be non-homogeneous for reasons other than phase compositions. 
In particular, at surfaces, grain boundaries, precipitate/matrix 
interfaces and other defects such as dislocations, high concentra- 
tions (i.e. above the bulk) of surface active atomic species 
have been found.  This segregation phenomenon is found to be 
reversible, time and temperature dependent and is confined 
to only a few monolayers of the interface.  This has been 
termed Equilibrium Segregation since the inhomogeneous distribution 
exists when the system is in chemical equilibrium. 
Another form of segregation to surfaces and interfaces in 
materials is believed to be caused by material transport when 
atomic species preferentially couple with vacancies and are moved 
by vacancy fluxes into or away from boundaries or surfaces as 
temperature changes.  Such effects can either denude or enrich 
a boundary with solute. The inhomogeneous solute distribution 
does not exist at chemical equilibrium and will disappear with 
time if precipitation or low thermal energies do not freeze in 
the solute profile.  This is termed Nonequilibrium Segregation 
and unlike equilibrium segregation which extends over distances 
of only a few atomic diameters, nonequilibrium segregation effects 
can extend over distances on the order of microns. 
It is argued that equilibrium segregation is a Gibbsian 
segregation effect.  That is, surfaces will be enriched by an 
(33) 
atomic species if that species lowers the surface tension.  Gibbs 
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stated 
d Yb = -S(d T) - Z±(T±  du±) 
where y,   can be taken as grain boundary energy, S as grain boundary 
entropy, r is the density of the ith component at the boundary 
and u. is the chemical potential of the ith component.  Such a 
relation shows that grain boundary energy can be decreased by 
large concentrations of "surface active" elements. That is 
elements with lower surface chemical potential than the solvent 
species. 
(34) 
McLean    derived an expression for equilibrium segregation 
whereby the extent of segregation was dependent upon a free energy 
of segregation.  This energy of segregation would increase and 
hence grain boundary concentration increase as atomic size misfit 
between solute and solvent increased. 
Many other equilibrium segregation models exist and these 
(35) have been reviewed recently by Hondros and Seah.     A problem, 
however, exists with these models in that direct measurement of the 
important variables in the equations is quite difficult and, 
hence, are not available in the literature. 
Empirical relationships between segregation effects and 
more readily available data have been advanced by investigators. 
/in 
Burton    claiming that the structural relationships between 
a grain boundary and matrix are not unlike that of liquid to 
solid proposed that the Solute Distribution Coefficient, 
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cs 
K = —, as taken from the equilibrium phase diagram, can be used 
to predict if segregation will occur. Thus, segregation will not 
occur if K>1, but will occur if K < 1 with the extent of segregation 
increasing as K gets smaller in magnitude. He shows that, at least 
for simple binaries, the relationship appears to hold. 
Another relationship that has received much attention is the 
correlation between atomic solid solubility (Xp ) at the test 
temperature and the measured grain boundary enrichment factor ((3). 
(37) 
Figure 3 was taken from Gupta    and is a compilation of data from 
many sources. The trend of increasing 3 with decreasing X_ is 
clearly evident.  Such a relationship is intuitively pleasing 
since solid solubility encompasses all the interatomic effects 
including misfit and valence effects and thus integrates all the 
specific data about the two species that- are not readily available 
to us. 
The slope of the line drawn in Figure 3 roughly indicates 
that for these systems one can expect a grain boundary concentra- 
tion on the order of 1 monolayer at sufficiently low temperatures. 
It is expected that the extent of the segregation occuring at any 
particular grain boundary will be dependent upon the local 
crystallography of the boundary.  Therefore, the enrichment 
factors reported in Figure 3 should be taken as order of magnitude 
values and individual boundary concentrations might range from a 
fraction of a monolayer to 2 or 3 raonolayers. . 
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Figure 3.  Correlation between atomic solid solubility and 
grain boundary enrichment as reported by Gupta.'  ' Underlined 
species is the matrix material. 
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Nonequilibrium grain boundary segregation has been studied 
to a lesser extent. When a metal is quenched from a high tempera- 
ture to a lower temperature it finds itself with an excess 
concentration of vacancies.  If there is enough thermal energy 
available, vacancies will attempt to leave the structure by moving 
to sinks such as dislocations or grain boundaries.  It is known 
that in solid solutions -, interactions between vacancies and the 
different atomic species take place and one can have preferential 
coupling of certain solute species with vacancies.  In their 
movement to sinks the vacancies drag the solute along with them 
and deposit them near the boundary.  This is the sequence of 
( 38) 
events suggested by Hanneman    and others to explain nonequili- 
brium segregation.  The coupling is expressed in terms of a 
B B 
vacancy-solute binding energy (Ev_).  If E„T is positive,the 
vacancy and solute will bind. The greater the magnitude of 
EL.-, the stronger the bond. Numerous techniques as well as 
theoretical calculations have been used to measure these 
(39) 
energies. Aust, et.al.    have presented some evidence that 
there is possibly a correlation between solute-vacancy binding 
CS 
energy and the solute distribution coefficient K = — as taken 
B   °L 
from the equilibrium phase diagram. That is EVI is positive 
when K < 1 and the smaller the value of K the stronger the 
binding energy. 
Table 1 is a compilation of some selected segregation 
related parameters for different solute species in Cu. While 
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there are other data available, there remains a general paucity 
of information since only a few systems have been investigated. 
This is a consequence of the late development of the required 
investigative tools as well as concentration of early efforts 
on established metallurgical systems. Yet we can see that highly 
segregating species such as Bi and Te are available to us. At 
the same time that these enrich the boundaries, there is very 
low solubility in the matrix so by the Meyrick model we might 
be able to stabilize the boundaries with such additives and force 
moving boundaries to either drag these impurities along or raise 
the boundary energy. 
It is an unfortunate consequence of the addition of highly 
segregating species that they can reduce the cohesive strength 
of the boundaries and embrittle the material.  This phenomenon 
(41) has come to be known as temper embrittlement.     To suppress 
the softening discontinuous reaction at the expense of severely 
embrittling the material is not a desirable or practical goal. 
Yet the suppression of the reaction does not imply embrittlement 
as a consequence. Also, ternary additions have been seen to be 
an effective approach to control of cellular precipitation 
(2) 
without detriment to material properties. 
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3. EXPERIMENTAL PROCEDURE 
The master alloys used in this work were supplied by Kawecki 
Berylco Industries.  They provided samples of their Cu-1.85 Be- 
0.24 Co (Berylco 25) alloy as well as experimental heats of Cu-1.9 
Be-0.5 Zr and Cu-1.9 Be-0.5 Al. The chemical compositions of these 
alloys, as reported by the manufacturer, are listed in Table 2. 
The materials were in the form of cold rolled sheet 0.25 mm thick. 
It was at times required to alter the commercial Cu-Be-Co 
alloy by diffusing an impurity into it. To do this, pieces of 
the alloy were prepared by removing the surface oxide with 600 grit 
paper and cleaning with acetone. The specimens were then coated 
on both sides in a vacuum evaporator with the desired additive. 
Enough material was evaporated so that the additive constituted 
approximately 0.2 wt% of the piece. The actual composition of 
the material after diffusion is expected to be less than 0.2 wt% 
since a layer of the additive always remained after the heat 
treatment. The materials evaporated included Bi, Te, and Ce. 
The Ce was in the form of mischmetal which was better than 99% Ce. 
Subsequent to coating, specimens had to be immediately heat 
treated or stored in a vacuum dessicator to prevent oxidation of 
the coating. 
To diffuse the additives into the specimen the material was 
vacuum encapsulated in a quartz tube with a piece of tantalum 
foil to prevent oxidation.  The diffusion treatment was 1 week in 
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Table 2 
Heat Analyses 
Commercial 
Cu-Be-Co 
Experimental 
Cu-Be-Al 
Experimental 
Cu-Be-Zr 
Be 1.85 1.89 1.91 
Co 0.25 0.04 0.04 
Al 0.04 0.51 0.05 
Zr — 
— 0.50 
Fe 0.05 0.03 0.03 
Si 0.07 0.04 0.04 
Sn 0.04 0.03 0.02 
Zn 0.02 0.015 0.03 
Ni 0.02 0.02 0.01 
Pb 0.002 0.001 0.001 
Cr 0.001 0.001 0.001 
Ag 0.012 0.011 0.014 
Cu Bal. Bal. Bal. 
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length and the temperature was different for different atomic species, 
chosen roughly in relation to their melting points.  The tempera- 
tures used were Bi: 300 C, Te: 400°C, and Ce: 500°C.  Extended heat 
treatments at temperatures near 800 C resulted in extensive loss 
of Be and so could not be used. 
Following the diffusion treatment, but prior to the solution 
treatment 3 mm disc specimens were punched from the material. These 
were then re-encapsulated and given a 1 hr. solution treatment 
at 800 C followed by a water quench to room temperature. The 
specimens were again re-encapsulated for the aging treatment.  It 
was found necessary to handle solution treated specimens as little 
as possible before aging since even minor mechanical deformation can 
drastically effect the precipitation behavior of the alloy.  '   When 
the master alloys were.studied, the steps relating to the coating 
and diffusion were eliminated but otherwise the same procedures 
and precautions were followed. 
All heat treatments were done in diffusion furnaces with 
temperature fluctuations of less than +2 C over extended time 
periods.  For the very short aging treatments (i.e. 4 min. at 
temperature) an additional 2 minutes of furnace time was given to 
allow for specimen and capsule heat up. This extra two minute 
allowance eliminated early difficulties with reproducibility 
of results on these short treatments by minimizing the influence 
of the transient heat up time. 
Specimens used for light optical metallographic examination 
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were prepared by standard metallographic techniques.  The etchant 
that was found to be.most useful in studying the cellular precipi- 
tation was 
5 parts HpO 
5 parts NH.OH 
3 parts H202 (3%) 
Specimens prepared for TEM structural investigation were 
prepared with a Fischione twin jet electropollshing apparatus. 
The polishing solution was 30% HNOg, 70% Methanol.  Operating 
voltage was 35 V, and bath temperature was controlled to keep the 
current below 30>milliamps (i.e. Temp<50°C).  Where STEM X-ray 
microanalysis was performed, specimens were ion thinned following 
electropolishing or ion thinned without polishing to avoid any 
surface film problems. 
The metallographic instruments used in this work include a 
Philips EM 300 TEM with a STEM attachment, an ETEC Autoscan SEM 
and a Zeiss Axiomat metallograph. 
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4. RESULTS AND DISCUSSION 
4.1 Continuous Precipitation 
A series of tests were run to follow the development of the 
continuous precipitation in Cu-1.85 Be-0.25 Co.  All specimens 
were solution treated at 800 C and then quenched to room temperature. 
Following the quench the indicated heat treatment was performed. 
The following, was observed in the TEM inspection. 
Short Term Aging Treatments 
Solution Treatment Only 
The observed microstructure has a mottled appearance with 
no distinctive structural characteristics. As seen in Figure 4a 
the dislocation structure is readily visible at this stage. The 
diffraction pattern, as shown in Figure 4b, shows faint, diffuse 
scattering at reciprocal lattice spots.  This is taken as evidence 
that the structure is that of an imperfect solid solution. 
4 min. at 300°C 
At this stage the microstructure, as seen in Figure 5a, 
has a striated appearance and the associated diffraction pattern, 
has now developed short intense streaking at reciprocal lattice 
spots in [lT2] and [Tl2] directions.  These streaks in the dif- 
(12) fraction pattern, as clarified by Tannerv ' are actually the 
projections of [101], [10T], [101] and [ToT] streaks which are not 
contained in this section of the reciprocal lattice.  The stria- 
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(a) 
(b) 
Figure 4.  Solution Treated Only 
(a) Bright field image, dislocation structure visible. 
(b) [llCf] Diffraction pattern with diffuse scattering 
at reciprocal lattice spots. 
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(a) 
0.5 |jm 
(b) 
Figure 5.  Solution treated plus 4 minutes at 300 C 
(a) Bright field micrograph with striated appearance. 
(b) [110] Zone axis with strain streaking and faint 
[00l] streaking caused by G.P. zones. 
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tions in the associated microstructure which is a [110] foil lie 
in a [ill] and [ill] directions which are the traces of {110} 
matrix planes and are perpendicular to the streaks in the dif- 
fraction pattern. Tanner has shown that this streaking is the 
result of planar discontinuities coherent on {100} matrix planes 
inducing elastic shear strains on {110} planes in <110> directions. 
It is, therefore, called strain streaking. The structures producing 
this effect are G.P. zones which are the initial decomposition 
product at this temperature.  These structures are planar 
arrangements of Be atoms segregated and coherent on {100} matrix 
planes.  Faint <100> relrods between reciprocal lattice sites 
also indicate the presence of such structures. Notice that the 
matrix is now so strained it is no longer possible to image 
dislocations. 
4 min. at 325°C 
Following this aging treatment the microstructure continues 
to have a striated tweed-like appearance. The diffraction.pattern 
has developed strong <100> relrods which as seen in the [100] 
zone axis in Figure 6a are continuous between reciprocal lattice 
spots.  These are shape effect relrods indicative of planar type 
defects on {100} matrix planes, these being the G.P. zones 
previously mentioned.  The length of the relrods indicates that 
the zones are on the order of 1 atom layer thick. Also visible 
in the [100] pattern are spots at forbidden (011) reflection 
sites.  These are believed to be the result of the Ewald Sphere 
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intersecting <100> shape effect relrods running between (111) 
spots above and below these forbidden spots in reciprocal space. 
These spots and relrods are sectioned in the [110] zone shown in 
Figure 6b.- The strain effect streaking is also visible in Figure 
6b indicating that the zones are still coherent with the matrix. 
4 min. at 350°C 
After this aging treatment we find that only faint <100> 
relrods run between diffraction spots.  The majority of the inten- 
sity has, as seen in Figure 7b, been concentrated as a short 
spike midway between reciprocal lattice spots. This is seen 
when one tilts slightly off an exact tllO] axis.  Other spots 
are visible near (111) matrix spots which are believed to be 
precipitate spots. Taking the center of the intensity maximum 
of the streaked region as a precipitate spot we are able to identify 
the phase as ordered b.c. tetragonal a = b = 2.62A, c = 3.55A 
with an orientation relationship of (Oil) ,, | | (111) with 
y        L* 
[100] „|| [110] .  The streak direction of the'spots indicates 
that the phase still has a {100} matrix habit plane. These values 
are approximate due to the streaked nature of the spots, yet the 
(3) 
results are reasonably close to those of Geisler   reported for 
the y" phase. He, however, did report this phase to be monoclinic 
with 3 = 85 25'.  Such information is not available on our dif- 
fraction pattern. 
It is worth noting that this structure, orientation and dif- 
fraction effects seem consistent with the mechanism proposed by 
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(a) 
(b) 
Figure 6.  Solution treated plus 4 minutes at 325°C 
(a) [100] pattern with [010] relrods and forbidden 
(Oil) reflections. 
(b) [LIO] pattern with [001] relrods and strain 
streaking from G.P. zone structure. 
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(a) 
. (b) 
Figure 7.  Solution treated plus 4 minutes at 350°C 
(a) Dark field micrograph of intensified streak near 
matrix (110) in diffraction pattern (b). 
(b) Q.10] diffraction_pattern showing intensified streak 
near (110) and (110) and extra spots near (111) lattice 
spots.  These diffraction effects are taken as 
evidence of y" phase. 
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Tanner    and Yamamoto   for the formation of the y"  phase. 
That is the stacking of G.P. zones on alternate {100} planes. 
On imaging the streaks one gets the structure "shown in 
Figure 7a.  One can see an alignment of precipitates in <111> 
directions of this CllO] zone image. 
Another important feature of the diffraction pattern is 
the absence of the <110> strain streaking present in previous 
patterns at reciprocal lattice spots.  This indicates a loss of 
coherency by the precipitates at this stage.  This is in agreement 
with the observations of Bonfield and Edwards,   but not with 
(3) Geisler   who claims y"  remains coherent on {100} planes. 
4 min. at 400°C 
At this stage, the diffraction pattern, Figure 8b, shows that 
what was intensified <100> screaking is now beginning to split up 
into two separate streaks yielding a curved reflection near the 
_ 3 
matrix (110) location. Near the matrix (00y) ■location the streak 
splitting assumes the "arrowhead" formation referred to by Bonfield 
(8) 
and Edwards.    These reflection formations are present in1 
symmetric pairs in the diffraction pattern from double diffraction 
effects. Using the region of the streaks of greatest intensity 
one can index the phase as being ordered b.c. tetragonal with 
a = b = 2.78A, c = 2.67 and oriented to the matrix such that (112) 
a 
| | (012) , with [110] ||Ei00],. The streaked nature of the spots 
again causes these results to be approximate. The structure 
and orientation is, however, in reasonable agreement with that 
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(a) 
(b) 
Figure 8.  Solution treated plus 4 minutes at 400°C 
(a) Dark field image from curved diffraction spots 
near matrix (110) in diffraction pattern (b). 
(b) [llO] pattern showing diffraction effects from 
y' phase. 
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(3) proposed by Geislerv  for the y' phase.  The new streaking in 
the <225> direction indicating the new matrix habit plane is 
very near the {225} planes.  This is within 4° of the {113} habit 
plane reported by Bonfleld and Edwards   and 6 away from the 
(3) {112} habit plane reported by Geisler.    These data are taken 
as evidence for the presence of the y1 phase. 
On imaging the curved streaks one gets the image shown in 
Figure 8a. The precipitates clearly have a twofold orientation 
in this view. Again one sees an alignment of the precipitates 
into bands running in <111> directions. The precipitates are 
thin in the direction of streaking in the diffraction pattern 
reflecting the habit planes in this view close to (225) and 
— o o 
(225). The precipitates are roughly 20A thick and 190A long. 
At reciprocal lattice spots in the diffraction pattern one 
can see additional streaking. This is not a return of strain 
streaking. This, too, is a result of double diffraction. 
There is no evidence for this y1 phase being coherent with the 
matrix. 
4 min. at 425°C 
The diffraction patterns as seen in Figure 9a, b show faint, 
continuous <100> streaks between reciprocal lattice spots as well 
as <110> strain streaking. Thus, the normal sequence for the 
development of the metastable phases has been interrupted.  That 
is in going from 400 C to 425°C we have passed a metastable phase 
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(a) 
(b) 
Figure 9.  Solution treated plus 4 minutes at 425°C 
(a) [110] pattern with faint [001] streaking. 
(b) [100] pattern showing return of G.P. zone 
diffraction effects. 
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solvus.  The faintness of;, the <100> streaking as compared with 
that seen in Figure 6a indicates that even the G.P. zone 
structure is not as well developed as at the same time at a 
lower temperature.  This seems to indicate that the solvus 
between 400 C and 425 C is the G.P. zone solvus and that the 
G.P. zones present in this specimen formed during the final 
quenching procedure.  This would be consistent with the findings 
(14) 
of Shiromizu, et al.    who placed the G.P. zone solvus for 
Cu-1.8 Be at 400°C and the y" solvus at 450°C.  Bonfield 
(9) 
and Edwards   concluded from similar results after quenching 
from 5 minutes at 425 C that there was no G.P. zone solvus 
up to 425 C.  They failed to consider the formation of G.P. 
zones on the final quench and did not realize that for that 
aging treatment the precipitation should have advanced well 
beyond the G.P. zone stage if they were below that solvus. 
Similarly, Wilkes and Jackson's   contention that the G.P. 
zone solvus exists at 320 C because of the emergence of cellular 
precipitation is not seen as a valid conclusion. 
Also of interest is the fact that after this treatment there 
is no y" present.  It appears then, that G.P. zones help in the 
formation or nucleation of y" so there is an incubation period 
necessary to develop a continuous precipitate when G.P. zones 
are not"present. 
4 min. at 450°C 
This aging treatment produced the same results as that of 
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4 min. at 425 C except that the streaking indicating the presence 
of G.P. zones is even more faint.  This is consistent with the 
expectation that these specimens are likely to spend less time 
below the G.P. zone solvus in the short time delay involved in 
the quenching procedure. 
4 min. at 500°C ' 
After this heat treatment the discontinuous precipitation 
reaction has virtually consumed the entire matrix as seen in 
Figure 10 so the continuous precipitation reaction could not 
be studied. 
4 min. at 525PC 
Aging above 500 C is seen to make continuous precipitation 
once more, the dominant mode of precipitation. As can be seen 
in Figure 11a, the discontinuous precipitation has started but 
has not proceeded very far. The interior of the grain contains 
a very coarse lath precipitate that give the diffraction pattern 
shown in Figure lib.  This pattern shows a tllO] matrix zone 
with two square interpenetrating precipitate patterns. The 
precipitate indexes as a B2 superlattice structure with a = 
2.72A1 and oriented to the matrix by (Tl3) | | (031) with IllOl || 
(3) [100] .  The structure is the same as that proposed by Geislerv 
for y and the orientation relationship is within 2 . Bonfield 
and Edwards   found the same structure and orientation as 
reported here for long term low temperature aged structures 
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Figure 10.  Solution treated plus 4 minutes at 500 C 
Entire structure consumed by the cellular reaction. 
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(a) 
(b) 
Figure 11.  Solution treated plus 4 minutes at 525 C 
(a) Cellular precipitation stopped by coarse, intragranular 
precipitation. 
) (b) JJLIO] matrix pattern with dual [jLOCTj y patterns taken 
from grain interiors. 
52 
but referred to it as y'.  Again it is worthy to note that 
Bonfield and Edwards only distinguish between y' an&y  by 
their orientation with the matrix. 
So it is concluded here that short term aging treatments at 
temperatures above 500 C result in rapid intragranular precipi- 
tation of coarse lath equilibrium y.  The results found at 525 C 
were repeated at 550°C. The rapid depletion of the matrix of 
Be by the intragranular precipitation has served to stunt the 
discontinuous precipitation reaction. 
There is no evidence to suggest that this intragranular 
precipitation proceeded by a succession of metastable phases. 
Rather its coarseness and rapid development would tend to indicate 
that the y  nucleated directly from the solid solution hetero- 
geneously on defects. This is consistent with Shiromizu's 
placement of the y' solvus for Cu-1.8 Be at 510 C. 
Extended Aging Treatments 
o 
168 hrs. at 350 C 
After such an extended low temperature aging treatment the 
material is to large extent consumed by discontinuous precipi- 
tation. That portion of the matrix that contains the continuous 
precipitation has aged to the equilibrium y stage as indicated 
by the diffraction pattern in Figure 12b where distinct precipi- 
tate spots have taken the place of the y1 curved streaks.  The 
dark field image of the precipitates (Figure 12a) shows the 
structure is very coarse and corresponds to an overaged condition. 
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(a) 
(b) 
Figure 12.  Solution treated plus 168 hrs. at 350°C 
(a) Dark field image of y precipitates with dual 
orientation. 
(b) [110] matrix patternwith two variants of (100) 
spots replacing former y' streaks. 
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\ 
Though the y  formed by this heat treatment is identical in 
structure and orientation to the matrix as that formed at high 
temperatures, its uniformity in size and regular distribution 
throughout the matrix, as compared to the y  in Figure 11a, suggests 
that it formed on or from the continuous y' phase that preceeded 
it. 
As indicated in Section 2.1 of the Background the conversion 
of Y* to Y has not been reported to occur in the continuous 
precipitation sequence at low temperatures.  Our findings above, 
however, are not unique.  Bonfield and Edwardsv '   reported the 
same results but, as previously indicated, referred to this 
structure as yr  rather than y  because of its orientation with the 
matrix. 
21 hrs. at 530°C 
With such an extended high temperature age the y  which 
originially precipitated as the coarse laths of Figure 11a has 
further coarsened to a large nodular morphology. The intra- 
granular lath y  has dissolved at the expense of the y  which had 
nucleated at grain boundaries or on the Co precipitates which 
have coarsened to micron size (see Figure 13). The y  at this 
point shows no particular orientation relationship with the 
matrix and it is incoherent with the Co precipitates. 
It is worth noting that the above heat treatments are not 
representative of commercial heat treating practices for this 
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Figure 13.  Solution treated plus 21 hrs. at 530°C 
Y coarsened near grain boundaries and around Co 
precipitates. 
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alloy... At best they provide a marginal increase in hardness 
from about 75 DPH for the solution treated specimen to a 
maximum of ^200 DPH. A fully aged specimen of this material will 
exhibit a hardness of ^400 DPH.  However, the treatments have 
proved useful in producing the different precipitate structures. 
Other attempts were made to confirm the determined G.P. zone 
solvus and the y1 solvus reported by Shiromizu    by establishing 
the structure and then upquenching to achieve reversion of the 
structure.  These attempts were not successful and it is believed 
that this is attributable to the non-instantaneous temperature 
change experienced by the specimen in the evacuated capsule. 
In the attempt to revert the G.P. zone structure, however, some- 
thing happened that is worth noting but cannot be explained at 
this time, That is, the G.P. zone reversion was achieved in 
regions adjacent to grain boundaries but not in the major part 
of the bulk of the grain. A typical grain boundary is seen in 
Figure 14a.  In this specimen the G.P. zone structure was 
established by a 4 min. age at 300 C and then upquenched to 
460 C for 4 min.  The diffraction pattern from the interior 
of the grains, Figure 14b, shows the curved streaking associated 
with the y' but the streaks are developing into clearly defined 
spots. This seems to indicate that both y1 and Y are present 
and that the y being very similar to y' in structure and 
orientation.nucleates on, or evolves from, y' and does not 
nucleate only after a reversion of the y1 phase. 
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(a) 
(b) 
Figure 14.  Solution treated plus 4 minutes at 300°C plus 4 minutes 
at 460°C 
(a) Typical grain boundary showing denuded zone 
(b) Diffraction pattern from interior of grains showing 
the presence of y  and y'• 
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Further evidence of this is seen in the attempt to revert 
the y' structure.  In this test Y' was formed by a 4 min. age 
at 400 C.  The.specimen was then upquenched to 550 C for 4 min. 
The diffraction pattern as seen in Figure 15b shows the presence 
of the Y phase with the dark field image of the Y precipitates 
shown in Figure 15a. Contrast the size and appearance of 
these precipitates with those seen in Figure 11a which were formed 
directly at 525 C.  Those formed in the two step age are submicron 
in size and have an orderly arrangement in the structure. Those 
formed by the single age at 525 C are on the order of 1 micron 
in size and apparently randomly scattered throughout the matrix. 
This is taken as evidence that the Y forming on the upquench 
from the Y' stage nucleated on or grew from the Y'» which the 
Y formed directly at 525 C is believed to form directly from the 
solid solution. Both are found to have the same crystallographic 
orientation with the matrix. 
To summarize the continuous precipitation in commercial 
Cu-1.85 Be-0.25 Co we have seen the progression of phases at 
low temperatures (below 425 C) proceed as: 
a  -*• G.P. zones •*- Y" "*" Y' -»■■ Y ss 
where 
a  :  supersaturated solid solution of Be in Cu 
So 
G.P. zones: metastable planar arrangements of Be atoms 
coherent on {100} matrix planes, on the order of 1 atom 
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(a) 
(b) 
Figure 15.  Solution treated plus 4 minutes at 400 C plus 
4 minutes at 550 C 
(a) Dark field image of y  spots in diffraction 
pattern (b). 
(b) [110] pattern showing presence of y. 
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a 
layer thick. 
Y": metastable ordered b.c. tetragonal phase a = b = 
2.62A", c = 3.55A oriented with the matrix by (Oil) „ | | (ill) 
and [100 ] 1, I I [110] . This phase loses coherency with 
Y  '    a 
{100 } matrix planes. 
t ^    ° Y : metastable ordered b.c. tetragonal phase a = b = 2.78A 
c = 2.67A oriented with the matrix by (112) I I (012) , and 
a"    Y 
[110] I I[100] ,.  This phase is not coherent with matrix, 
ex      Y 
Y:  equilibrium ordered B2 superlattice a = 2.72A and 
oriented to the matrix by (113) 11(031) with [110] ||[100] . 
a ■     Y o      Y 
The G.P. zone solvus for this alloy is placed between 400- 
425 C. AY' solvus exists somewhere below 525 C.  There is 
evidence that early metastable phases act either as nucleation 
sites, or in some other manner, facilitate the progressive 
formation of the next phase. 
' At aging temperatures above 500 C coarse, lath Y precipitates 
directly from the solid  solution without the need of prior 
metastable phases. 
4.2 Discontinuous Precipitation 
4.2.1 Initiation 
The mechanism for initiation of discontinuous precipitation 
in the Cu-Be system has not been defined.  No single sequence 
of events adequately describes the initiation of this reaction 
at every grain boundary in this alloy. Yet many of the boundaries 
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that develop a cellular precipitation show some things in common. 
These are described below. 
The occurrence of the reaction demands the presence of grain 
boundary Y precipitates.  Certainly if such precipitates were 
present in the as-quenched, solution treated specimens, then 
(42) 
the initiation process has already begun. Michael,    using 
the same alloy as used in this study, found grain boundary 
precipitates in his solution treated specimens and presented 
evidence that these probably formed during the quenching process. 
This study, too, found precipitates present at some grain 
boundaries in solution treated specimens. These, however, 
were not in abundance and the majority of the grain boundaries 
were clean as far as TEM observation could detect. 
To determine if these precipitates were active sites for 
initiating the cellular reaction a particularly large, prominent 
cluster of grain boundary precipitates was found in a solution 
treated specimen.  The specimen was then heated in-situ, and 
indeed, the boundary adjacent to the precipitates bowed out 
between them.  What appeared to be a potential discontinuous 
cell was beginning to take form.  Part of this sequence is 
seen in Figure 16. While some of the precipitates dissolved, 
others coarsened. 
Yet, most of the boundaries are free of precipitates in the 
solution treated condition and most boundaries in the Cu-Be system 
will go discontinuous.  Indeed, in the heating experiments, clean 
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(a) 
(b) 
Figure 16 
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(c) 
Figure 16. Hot stage sequence showing the onset of grain boundary 
motion between initial grain boundary # precipitates. 
(a) Shows a cluster of boundary precipitates in a 
solution treated specimen. 
(b) and (c) Show progressive stages of boundary migration. 
Due to tilting of specimen the precipitates appear dark 
in (a) but white in (c). 
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boundaries were observed to go discontinuous.  So the majority 
of the grain boundary y  is formed during the aging treatment 
and not during the quench. 
The Y precipitates that form on the grain boundary are found 
to assume an orientation relationship with one of the two grains. 
Evidence of this is seen in Figure 17 where all qf the precipitates 
present on the boundary have assumed the same orientation.  The 
orientation relationship is the same as that reported for the 
steady state growth condition reported further on. 
The precipitates are generally found to be on one side of 
the boundary.  That is they have an interface with' one of the 
grains which is usually flat, while the bulk of the precipitates 
is contained in the other grain. This can be seen in Figure 18. 
The precipitates are believed to have established an orientation 
relationship with the grain with which they share a low energy inter- 
face.  They then coarsen into the other grain. The grain which 
contains the bulk of the precipitate is the one which will be 
consumed by the moving boundary. Evidence for this is seen in 
the left of Figure 18 where Tu and Turnbull's pucker mechanism 
appears active. The boundary appears to have crept up and round 
the precipitates and eventually engulfed them. Thus, their 
primary prupose seems to be to set the boundary in motion. The 
driving force for theintial boundary motion, while having a 
large chemical free energy component, is believed to have an 
interfacial energy component as well. 
65 
(a) 
(b) 
Figure 17.  (a) Bright field of grain boundary with y  precipitates, 
(b) Dark field of y  precipitates. All diffract into 
the same spot, thus, have the same orientation. 
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Figure 18.  Initiation of boundary movement with y  precipitates having 
interface with lower grain but contained in top grain. Top 
grain will be consumed. 
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Unlike in the pucker mechanism where these initial pre- 
cipitates develop directly into cells, here the initial pre- 
cipitates are very often completely engulfed by the moving 
boundary and are isolated from the steady state lamellar 
cellular configuration.  This lamellar configuration seems 
to develop by itself after the boundary has started moving. 
Figure 19 shows evidence of some of these observations.  It is 
possible that the initial precipitates could branch into the lamellar 
precipitate but this is seldom observed. 
After aging for extended times, fairly coarse y precipitates 
can be found at almost every boundary.  Some boundaries have not 
gone discontinuous despite the presence of grain boundary pre- 
cipitates.  Figure 20 shows a dark field image of one such boundary. 
The associated diffraction pattern across the boundary is also 
shown.  Though axis/angle pairs were not taken to determine 
the exact orientation between the two grains, in this one view 
the patterns of the two grains were rotated about 4 from 
one another.  This then was probably a boundary of low energy and 
it is reasonable to expect that low energy boundaries will not 
go discontinuous due to a minimizing of the interfacial energy 
component of the driving force. 
For almost every aging treatment grain boundaries could be 
found where the cellular reaction proceeded in both directions. 
The apparent mechanism for this behavior is as described by 
(42) 
Michael.     That is, pockets of the precipitates develop on 
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Figure 19. Development of lamellar configuration after initial grain 
boundary y serves to set the boundary in motion. 
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. (a) 
(b) 
Figure 20.  (a) Dark field image of y  precipitates on boundary that 
did not go discontinuous. 
(b) Diffraction pattern from boundary region showing slight 
misorientation between grains. 
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either side of the boundary at different locations and then 
grow in opposite directions.  Such an occurence requires that 
locally along a grain boundary the initial y precipitates 
orient themselves with one grain, while elsewhere along the same 
boundary they orient themselves with the other grain.  Such 
behavior is expected where boundaries are curved bringing 
the characteristic low energy habit plane of the matrix closer 
to the actual crystallographic plane of the boundary. 
Boundaries that are macroscopically straight can have small 
localized pertubations due to interaction with matrix or 
twinned regions which will change the crystallographic inter- 
faces of the grains at the boundary, thus changing the 
availability of the habit plane from one grain to the other. 
4.2.2 Steady State Growth 
On isothermal aging, a steady state growth process is 
eventually established at the moving grain boundary reaction front. 
At the front the supersaturated solid solution and metastable 
phases are transfprmed to a lamellar composite of precipitate 
and depleted matrix. Figure 21 contains the diffraction pattern 
taken from one cell and a dark field image from a precipitate 
spot.  From the diffraction pattern we find that the precipitate 
o 
is equilibrium y  phase, B2, a = 2.70A and oriented with the 
matrix by (Tl3) | | (031) with [110] ||[100] . This is in agree- 
(12) 
ment with Bonfield and Edwards    and within a couple of degrees 
71 
(a) 
(b) 
Figure 21.  (a) Dark field image from y  precipitate spot from 
diffraction pattern in (b). 
(b) Diffraction pattern from cellular precipitate showing 
relationship between a and y. 
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of the other reported relationships as previously shown in 
Figure 2. 
It is interesting to note that this is the same orientation 
relationship found for y when it is formed in continuous 
precipitation. Also, the streaking in the diffraction pattern 
is in the [225] direction indicating a {225} habit plane. 
This is in agreement with the habit plane found by trace analysis 
of y formed in the continuous precipitation as seen in Figure 15. 
Misfit dislocations are found between the precipitate and 
the matrix in the cellular composite so the two phases are not 
coherent. 
Steady state growth should continue until the entire matrix 
is consumed as seen in Figure 10, or until the degree of 
supersaturation is drastically reduced by a coarsening continuous 
precipitation. Figure 22 illustrates this latter point. Here 
the continuous precipitation is well developed and the matrix is 
depleted of Be.  The advancing cellular front must now acquire 
Be from the dissolution of the continuous precipitate which can 
be seen dissolving in front of the boundary. The solute must 
be fed to the cell by a relatively slow lattice diffusion or 
along dislocations that can be seen running to the boundary. 
At this point further growth is very sluggish. Figure 23a and 
b further illustrate this point.  These are dark field light 
optical micrographs of specimens aged for 1 hr. and 168 hrs. 
respectively at 350 C. This is below the G.P. zone solvus and 
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r-~- 
Figure 22. Well developed general precipitation slowing down the 
cellular reaction. General precipitate dissolves 
ahead of cell front and Be is fed to cell through 
bulk diffusion and along dislocations. 
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)  (a) 
(b) 
Figure 23. Dark field light optical micrograph showing slow 
growth of cellular precipitate when it has to compete 
with general precipitation. Aging temperature was 
350 C with (a) aged 1 hour and (b) aged 168 hours. 
Cellular precipitate appears light against black matrix. 
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thus continuous precipitation is developing.  The discontinuous 
precipitate, under these viewing conditions images light while 
the matrix is dark. After an hour at temperature it is seen 
that roughly 50% of the area is discontinuous precipitate. 
However, after aging 168 hours the reaction has progressed only 
slightly further due to competition with the continuous 
precipitation. 
The cellular reaction, being a process involving diffusion, 
is expected to be very temperature dependent.  Figure 24a-d is 
a series of optical micrographs of specimens aged for 4 min. 
at 300°C, 400°C, 450°C, and 500°C, respectively. After 4 min. 
at 300 C, the reaction has started at many boundaries but has 
not progressed very far into the grains. After 4 mins. 
at 400 C many boundaries have clearly gone discontinuous and 
some cells extend well into the grains. The interior of many 
of the larger grains show contrast but this is due to the 
continuous precipitation which has advanced to the y1 stage. 
The whole grain is not of the same contrast and this is believed 
to be attributable to there being a possible effect of proximity 
to a grain boundary on the kinetics of the general precipitation. 
After 4 min. at 450 C, the cellular reaction has consumed 
a major portion of the material. Only the interior of the larger 
grains remains untransformed.  Besides the higher temperature 
assisting the reaction, at this point we are above the G.P. 
zone solvus so it is not necessary to compete with the general 
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(a) 
300°C 
Figure 24 
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(b) 
400°C 
r,450°C 
500°C 
Figure 24.  Effect of aging temperature on extent of cellular 
precipitation. All specimens solution treated 
and aged 4 minutes at the designated temperature. 
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precipitation. As reported before, and as seen in.Figure 24d, 
after 4 min. at 500 C the entire volume has undergone cellular 
precipitation. The etching effect of the coarse intragranular 
Y formed above 500°C make it difficult with light optics to 
detect the stunting of the cellular reaction at these tempera- 
tures so these have not been included. 
In light of the observations regarding nucleation and 
growth of the discontinuous precipitate, the findings of 
(2) 
Entwisle and Wynn   that the transformation may be described 
by C type curves on TTT diagrams do  not seem completely valid. 
We have observed faster kinetics with increasing temperature up 
to 500 C as they report. But there is no indication that 
above this temperature the reaction will proceed any further 
once it has been stunted by the coarse intragranular precipitate. 
A different coarsening reaction has been seen to be active. 
Certainly, their observations on the dominance of the cellular 
reaction above 380 C and their conclusions regarding the 
effect grain size and degree of supersaturation seem at least . 
qualitatively consistent with what we would expect. 
Also, the findings of Hagiwara, et al.   about the 
sigmoidal relationship between percent transformation and 
time would be expected.  The effect of temperature on the value of 
n in the Johnson-Mehl equation is also consistent with the 
competitive nature of precipitation at lower temperatures, i.e. 
below 400 C, whereas this is not a factor at high temperatures. 
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To summarize our findings on the cellular reaction in this 
alloy we have seen it begins with the formation of grain boundary 
Y precipitates.  These assume a crystallographic orientation 
with one of the two grains.  Interfacial energy, in part, seems 
to set the boundary in motion to engulf the precipitate.  The 
lamellar composite often develops later, independently of the 
initiation step. 
Steady state growth involves bulk transformation to a 
lamellar configuration of y  and depleted matrix at an advancing 
cell front.  Rapid growth of cells will.continue until the matrix 
is completely consumed or until general precipitation leads to 
a solute depletion of the matrix after which growth will be 
slow and requires dissolution of precipitates ahead of the cell 
front. 
Cellular reaction kinetics increase with increasing tempera- 
ture up to 500 C and are'dependent on the presence or absence 
of general precipitation. 
4.3 Ternary Additions and Their Effect on Discontinuous 
Precipitations in Cu-Be 
4.3.1 Master Alloys:  Cu-Be-Co, Cu-Be-Al and Cu-Be-Zr 
As was discussed in section 2.5 of the Background, ternary 
additions have been found to affect cellular reactions although 
how they act has not been established.  The idea behind this 
particular work was outlined in section 2.8 where it was suggested 
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that the cellular reaction in Cu-Be could be affected by the 
introduction of atomic species that segregate strongly to grain 
boundaries.  In doing this intergranular or interfacial energies 
could be altered, grain boundary diffusivitles or mobility could 
be changed or the initiation of grain boundary precipitates could 
be interfered with. Another possibility could be a fine distri- 
bution of non-coherent precipitates throughout the matrix that 
could act to pin moving boundaries.  It was seen that tendency 
to segregate to boundaries was associated with some physical 
characteristics such as atomic size differences, solid solubility, 
and K, the solute distribution coefficient. 
Aluminum and Zirconium were chosen as the first additives 
to be investigated.  They represent two distinctly different 
species as far as physical characteristics with respect to 
copper.  Table 3 summarizes some of these differences. 
They both have the added attractive feature that they have 
not been found to form a discontinuous precipitate with Cu. 
It was expected that if the models were correct, we would observe 
a difference between alloys with the two additives. 
Kawecki Berylco Industries prepared experimental heats of 
Cu-1.9 Be with the two additions.  One contained 0.5 wt% Zr the 
other contained 0.5 wt% Al. Full heat chemistries are reported 
in Table 2. Note that neither alloy contains the usual 0.25 Co 
addition.  These were prepared for examination in the usual manner. 
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A one hour solution treatment was given before the designated 
heat treatment unless otherwise noted. 
The first significant effect of the additions worth noting 
is the effect they have on grain size following solution 
treatment.  This is best seen in Figures 25a-c which are optical 
micrographs of the resultant microstructures for the commercial 
Co, Al and Zr bearing alloys following a 4 min. age at 400 C. 
Bright and dark field imaging modes have been mixed to afford 
optimum visibility of the cellular reaction. Whereas, the Co 
bearing alloy has an average grain size of about 25 um diameter, 
the Al bearing alloy has grains on the order of 70 um diameter. 
The alloy with the Zr addition shows evidence of exaggerated grain 
growth with some small grains present but with others on the 
order of 500 um in diameter or larger. 
Obviously the removal of Co from the material has allowed 
high temperature grain growth.  The mechanism by which Co 
controls grain size is not well defined. The Co in these 
specimens is found to be contained nearly entirely in cuboidal 
precipitates distributed throughout the material. As shown by 
Williams,    these particles also contain Cu and seem to collect 
other impurities like Si and Fe.  The alloy only contains 
0.25 wt% Co. The appropriate ternary phase diagram is not 
available but the solubility of Co in pure Cu at the solution 
treatment temperature, 800°C, is 1.7 wt% so one might expect the 
Co to be in solid solution during the solution treatment. However, 
these precipitates are even found in the as-quenched structure 
83 
(a) 
Cu-Be-Co 
(b) 
Cu-Be-Al 
(c) 
Cu-Be-Zr 
Figure 25.  Solution treated plus 4 minutes at 400 C. Mixture 
of bright and dark field light micrographs showing 
extent of cellular precipitation. Note the significant 
grain size differences. 
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following solution treatment.  They are fairly large (on the order 
of % Wn) so it is not likely that they formed on the quench.  They 
are probably slow to dissolve or stable at that temperature, and 
could act to pin grain boundaries at high temperatures as they are 
seen doing in Figure 28. Another possibility is that Co could 
affect grain boundary mobility if it segregates to the boundaries. 
STEM/X-ray microanalysis work occasionally showed traces of Fe, Co 
and Si on grain boundaries but most boundaries are free of these 
impurities or contain them in amounts below the detectability limits 
of STEM.  In either case the removal of Co has resulted in an in- 
crease in grain size after solution treatment. 
The solubility of Zr in Cu is well below the 0.5 wt% that was 
added to this alloy and so the Zr alloy is found to contain precipi- 
tates that are Zr rich.  They are globular in shape and on the order 
of 0.5-1.0 urn in diameter.  Unlike the Co precipitates which seem to 
assist in grain size control, these precipitates provide little 
resistance to moving boundaries as evidenced by Figure 25c. 
The Al bearing specimen also contains particles not present 
in the other two.  These are on the order of 5 lim dlanfeter and are 
distributed throughout the material as seen in Figure 25b. They 
are often found at grain boundaries so might assist in grain size 
control.  The exact nature of these particles is not known.  In 
STEM and on the microprobe they analyzed as pure Cu, no Al was 
detected.  Be would not have been detected if it was there, but in 
aged specimens they did not show the usual strain contrast seen in 
the regular grains. (See Figure 29.) Unfortunately, no diffraction 
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work was done to see if precipitation was occurring in these areas. 
Regions similar to these have occasionally been seen in areas of the 
commercial Cu-Be-Co alloy so they are not peculiar to this Al 
addition. 
The continuous precipitation develops in the usual manner in 
the Al alloy as evidenced by the strain contrast in Figure 26b, and 
as confirmed by electron diffraction.  Unlike the Co alloy, however, 
which on aging at 450 C goes completely discontinuous, the Al 
bearing alloy starts to develop a continuous precipitation at that 
temperature but is unable to stunt the cellular reaction before it 
consumes most (^85%) of the material.  The larger grain size might 
provide the alloy with enough time to develop this precipitation or 
the Al might hasten the kinetics for general precipitation. 
On the other hand, the Zr addition has slowed down the kinetics 
of the general precipitation.  Evidence of this is seen in Figure 
26c where after 4 min. at 400 C the Zr bearing alloy shows no sign 
of  continuous precipitation developing.  This is confirmed by 
electron diffraction. However, after a full aging treatment of 
24 hrs. at 300 C a continuous precipitation does develop. 
With regard to the cellular reaction in these alloys, it is 
readily apparent in Figures 25 and 27 that with respect to that in 
the commercial Co alloy, the cellular reaction in the Cu-Be-Al 
alloy has greatly accelerated.  For the full aging treatment of 24 
hrs. at 300 C, seen in Figure 27 the cellular reaction has occurred 
at nearly every grain boundary, occupies close to 50% of the volume 
and individual cells have grown as much as 15 um to either side of 
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ICu-Be-Co 
Figure 26 
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(c) 
Cu-Be-Zr 
Figure 26.  Solution treated plus 4 minutes at 400°C.TEM images of 
grain boundaries in the designated alloys. Note the 
precipitate free boundary and strain free matrix of the 
Zr bearing alloy. All images are at the same magnification. 
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(a) 
Cu-Be-Co 
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Cu-Be-Al 
Figure 27 
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(c) 
Cu-Be-Zr 
Figure 27,  Solution treated plus 24 hours at 300°C. Dark field 
light micrographs. Cellular precipitate appears light 
against a dark matrix. Note low magnification of Zr* 
alloy. 
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Figure 28.  Co rich precipitate acting to pin boundaries. 
Figure 29. Particle of the type found throughout the Al specimen. 
Note the different contrast than the strained matrix. 
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the boundary.  The commercial alloy, while still having the 
reaction present at most boundaries, has few cells greater than 
2 ym wide. 
The Zr bearing alloy has enormous grains which complicates the 
comparison of data.  However, in Figure 25 we can see that several 
of the grain boundaries in the Zr alloy have not gone discontinuous. 
This was also observed in TEM although few boundaries were sampled. 
In Figure 27, however, on those boundaries where the reaction has 
developed, it has grown well into the matrix, as much as 20 um in 
some areas.  The growth rate of the cells, then, has not been 
impaired. 
It is also observed that on high temperature aging, such as 
450 C, cellular reaction will completely consume the Co bearing 
alloy as well as the Zr alloy despite the enormous grain size. 
The Al specimen, however, develops a continuous precipitation which 
does not allow the cellular reaction to consume the entire matrix. 
In summary, the removal of Co from Cu-Be and the substitution 
of Al has resulted in a marked acceleration in the growth of cellu- 
lar precipitation.  It does not interfere with the development of 
the continuous precipitation but may help develop it at high aging 
temperatures.  The substitution of Zr for Co has led to unchecked 
grain growth at high temperatures. While possibly reducing the 
number of boundaries that have gone discontinuous it has not been 
seen to slow down its growth rate.  Zr has also been seen to slow 
down the development of the continuous precipitation. 
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To understand the observed effects of Al and Zr on the cellu- 
lar reaction it is necessary to locate them in the structure.  STEM 
work was performed on both alloys in attempts to locate the species 
and find any segregation that had occurred. 
In the Al bearing alloy, no Al could be detected in either 
the matrix or at grain boundaries. Attempts to locate the Al with 
the microprobe also failed.  This is probably due to the combination 
of the small amount of Al present in the material, its "extensive 
solubility in Cu making segregation unlikely, the strong absorption 
of A1K radiation by Cu ( ^P^Qu^lKa ~  5376.8, (Ref. 48) and the 
Aljto Peak being a low energy peak in the X-ray spectrum where high 
continuum background is present. 
STEM analysis of the Cu-Be-Zr alloy showed the majority of the 
Zr was contained in the globular precipitates mentioned previously. 
Attempts to detect segregation of Zr at grain boundaries that did 
not go discontinuous showed that the segregation, if it was occur- 
ring, was below the detectability limits of STEM. So at this point 
no conclusive explanation as to why the Al and Zr additions had the 
effects they had is possible. 
4.3.2 Commercial Alloy Treated with Bi, Te and Ce 
4.3.2a  The Addition of the Elements 
With the possibility that Zr, which is a known segregant in 
Cu, stabilized some boundaries and kept them from going discontin- 
uous the decision was made to look at the effects of other, more 
highly segregating species of the system. Bi, Te and Ce were 
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selected as the additives to be tested.  Bi and Te were chosen for 
(37) 
their known segregation behavior in Cu.     Ce was chosen because 
its physical size and low solubility in Cu made it likely to be a 
highly segregating species.  See Table 3 for some specifics regard- 
ing these atomic species in Cu. 
Before discussing the effects of these additions on the pre- 
cipitation in Cu-Be-Co it was necessary to determine whether the 
additives were actually contained in the test pieces since the 
alloys were made by the diffusion of the additives into the pieces 
and not by standard melting processes. 
A number of pieces of circumstantial evidence exist which 
indicate that the material treated with the additives did actually 
contain the additions.  The first difference is a change in the 
grain size following solution treatment.  In all cases the treated 
material has a larger grain size than the untreated material.  This 
will be discussed further in Section 4.3.2b.  (To eliminate any 
possible effects of the diffusion treatment on our observations, 
the untreated specimens were always given an identical thermal 
treatment as that seen by the Ce specimens.)  In addition to the 
grain size difference, intergranular cracking was often observed 
in the material that was treated, but never in the untreated com- 
mercial alloy.  Such behavior is expected from the addition of 
these materials for reasons discussed in the background section 2.9. 
Composite Auger specimens, broken outside the Auger machine but at 
liquid nitrogen temperature shows a fracture behavior difference 
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for the different specimens.  Typical surface features are shown 
in Figure 30a-d for the three treated and one untreated specimen. 
The untreated commercial alloy shows a predominantly ductile ap- 
pearance with much shear near the surfaces.  The interior of the 
specimen looks to have some intergranular nature to it.  The Bi and 
Te treated specimens had a minimum of sheared material at the sur- 
faces.  The fracture appears to be predominantly intergranular in 
nature with dimples covering the grain surfaces.  The Ce treated 
specimen showed no evidence of shear and was clearly an intergranu- 
lar fracture.  The treated specimens also were seen to have numer- 
ous auxiliary intergranular cracks.  The dimples covering the sur- 
faces of the grains indicates the presence of a hard phase in a 
soft surrounding.  This is believed to be caused by the presence of 
the grain boundary y anc* the soft, depleted matrix near the grain 
boundary which is known to be present after the 24 hrs. at 300 C 
heat treatment given these specimens. 
Direct detection of Bi and Te by EDS X-ray analysis on either 
the fracture surfaces in SEM or in thin foils in STEM has not been 
achieved.  Possible reasons for this will be discussed later on. 
Ce is readily detected in both cases in a phase that is seen at all 
grain edges and occasionally wetting entire grain boundaries as 
seen in Figure 31a. A typical STEM EDS spectrum taken from a grain 
boundary phase is shown in Figure 31b. 
The observations mentioned above as well as the observed 
effects on precipitation, which are to be discussed, are taken as 
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(b) 
Cu-Be-Co-Te 
Figure 30 
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Cu-Be-Co-Bi 
(d) 
Cu-Be-Co-Ce 
Figure 30. SEM images of liquid nitrogen temperature fracture 
surfaces. The three doped specimens show a strong 
intergranular nature while the commercial alloy 
failed predominately by shear. Note the lower 
magnification for the Ce treated specimen. 
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Figure 31.  (a) SEM image of grain surfaces of a fractured Ce treated 
specimen showing the Ce phase on grain edges and 
covering one grain face, 
(b) STEM-EDS spectrum from the Ce phase at grain boundary. 
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a sign that the additives have, indeed, entered the material.  It 
is not expected that the profile of the diffused species is flat 
across the thickness of the specimen.  The diffusion coefficients 
necessary to calculate the profile are not available. However, the 
specimens are very thin, the heat treatments were long and the only 
through thickness variations in structure observed in the treated 
specimens were observed immediately at the surface.  These same 
variations were often observed in the untreated commercial alloy. 
All the data presented in this work were taken away from the sur- 
face, close to the midsection of the material. 
4.3.2b Effects of Bi, Te, and Ce on Precipitation in Cu-Be-Co 
The first observation to be made is that the grain size after 
solution treatment has been affected.  This can be seen in Figure 
32 which shows materials that have experienced an aging treatment 
following the solution treatment but the grain size is still visi- 
ble.  The untreated Co specimen has an average grain size of about 
20 Vm while the Co-Te and Co-Bi specimens have a grain size aver- 
aging approximately 35 pm.  The Ce treated specimen has undergone 
a good deal of grain growth with grains averaging about 70 ym 
diameter.  The reason for the grain growth in the Te and Bi speci- 
mens is not known but in the Ce treated specimen there has been a 
detectable decrease in the number of Co precipitates and Co can be 
detected sometimes in the grain boundary phase so the grain growth 
might be due to dissolution of these precipitates by Ce at a moving 
boundary. 
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The addition of these three impurities has had no observable 
effect on the continuous precipitation in the alloys.  Though a 
thorough TEM examination was not done on all the alloys, those 
specimens that were examined appeared to be developing the usual 
sequence of metastable phases.  The extent of matrix hardening for 
each of these alloys, as reported later in Section 4.4 is comparable 
to that of the commercial alloy. 
The following series of test results will show that in stand- 
ard low temperature aging treatments only Ce seems to have an effect 
on the cellular reaction by decreasing the number of nucleation 
sites.  In higher temperature initial aging sequences Te and Ce seem 
to limit the growth of the cellular precipitate while Bi and Co 
alone are not as effective in doing this. 
Figure 32a-d show the resultant microstructures of fully aged 
specimens which were then upquenched and held at 450 C for 5 hrs. 
The commercial Co alloy shows a cellular reaction is taking place 
at almost every grain boundary while the cells have seldom advanced 
more than 3 to 4 um into the grains.  The Bi and Te samples show no 
major difference from the Co specimen that cannot be attributed to 
grain size. Most of the boundaries have gone discontinuous and the 
cells have advanced roughly 3 to 4 um into the matrix.  The total 
area percent of precipitate has dropped but this is due to an in- 
crease in grain size.  The Ce modified alloy, however, though 
showing discontinuous precipitation at several grain boundaries, 
has a number of boundaries that have not gone discontinuous. 
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(d) 
Cu-Be-Co-Ce 
Figure 32. Solution treated plus 24 hours at 300° plus 5 hours 
at 450°C. Dark field, light optical micrographs. 
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Perhaps  the Ce phase that has been found to be present at grain 
edges and some grain boundaries is interfering with the nucleation 
processes on these boundaries.  Attempts to detect Ce, with STEM, 
at some of the boundaries that did not go discontinuous and did not 
contain a Ce phase film were unsuccessful.  Those boundaries that 
have gone discontinuous have developed to the extent of those found 
in the other alloys so the kinetics of the growth of cells shows no 
signs of change under these conditions. 
On a direct upquench to above the G.P zone solvus for Cu-Be-Co 
a significant difference between the materials is seen.  Figure 
33a-d shows the observed microstructures following a 5 hour age at 
450 C after solution treatment. As expected, the commercial alloy 
is nearly completely discontinuous precipitate.  The specimen 
treated with Bi also has been completely transformed by cellular 
precipitation.  The Te and Ce treated alloys, however, show a well 
developed continuous precipitation over much of the volume with a 
lesser amount of cellular precipitate.  The same observations were 
made on specimens aged at 500 C for 5 hours. 
A unique explanation of these results is not possible. One 
possible explanation is that the additions of Te and Ce have has- 
tened the kinetics of the general precipitation and, hence, those 
specimens quickly develop a continuous precipitation which stunts 
the cellular reaction. It would then follow that Bi and Co alone 
are not as effective in doing this. Hence, they would experience 
uncontrolled cellular transformation at this temperature. 
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(b) 
Cu-Be-Co-Te 
Figure 33 
105 
(c) 
Cu-Be-Co-Bi 
(d) 
Cu-Be-Co-Ce 
Figure 33.  Solution treated plus 5 hours at 450 C.  Dark 
field, light optical micrographs. Both the 
commercial alloy and the Bi treated alloy have 
completely transformed discontinuously. 
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Another possible explanation could be that Te and Ce have 
slowed down the growth kinetics of the cellular precipitate suffi- 
ciently to allow for the incubation of y" thus initiating the con- 
tinuous precipitation. As previously discussed they could slow 
down the reaction by solute drag or by affecting interfacial ener- 
gies or D .  In this case Bi and Co would be less effective in 
a 
slowing the reaction and the matrix is completely consumed before 
the Y" has a chance to nucleate. 
A reduction in the chemical free energy driving force by in- 
creasing the solubility of Be in the matrix with the additions is 
not expected since this should have resulted in a less effective 
hardening by the continuous precipitation. As reported later in 
Section 4.4 this was not observed. 
It is not possible on the basis of the work done here to dis- 
tinguish which, if either, of the above two sequences is occurring. 
In either case the structure seen in Figure 33 would be the result. 
Knowing that the solubility of these additives in Cu is extremely 
low, and that they tend to segregate to grain boundaries, one might 
expect that it is not the continuous precipitation that is being 
affected, but rather the nature of the cell front is being altered. 
However, we have seen that Zr, though only slightly soluble in Cu, 
seems to affect the kinetics of the continuous precipitation in Cu- 
Be. Moreover, the segregation of species like Te to grain bound- 
aries is an equilibrium phenomenon and, thus, time and temperature 
dependent.  Diffusion of these species through the bulk of the Cu 
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to grain boundaries is expected to be very sluggish at temperatures 
as low as 450 C and so grain boundary concentrations of these ele- 
ments will be lower than we might expect, and bulk concentration 
will be higher than we expect for this aging temperature.  (That is, 
the condition corresponding to equilibrium at 800 C might exist.) 
On the other hand, there is the possibility that these impuri- 
ties will be transported to the boundaries by the flow of excess 
vacancies trapped in the quench from 800 C and "annealed" out at 
450 C.  Another possibility is that the cellular reaction front, in 
sweeping through the matrix of the Te and Ce specimens picked up 
enough of these additives to slow it down or stabilize it, thus 
preventing complete transformation before the continuous precipita- 
tion could nucleate. 
4.3.2c Observation of Impaired Cell Growth Rate in Te Treated 
Cu-Be-Co 
In an attempt to define further what is cdusing the differences 
in the high temperature age some short term aging tests were run to 
try and relate the growth of the cellular precipitate and the 
nucleation of the continuous precipitate.  The tests were run to 
compare the Cu-Be-Co and Cu-Be-Co-Te specimens. As seen in Figure 
34a,b after 4 min. at 450 C the Co specimen is almost entirely 
cellular precipitate.  Those areas not transformed show no signs of 
continuous precipitation.  The Te bearing specimen has cellular pre- 
cipitation at some boundaries while the interior of the grains 
is free of continuous precipitation.  In Figure 34c,d we 
see that after 10 minutes at 450°C the Co bearing specimen is 
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(a) 
Cu-Be-Co 
(b) 
Cu-Be-Co-Te 
Figure 34 a,b. Solution treated plus 4 minutes at 450°C, Bright 
field light micrographs showing extensive cellular 
precipitate Cetches dark) in the commercial alloy. 
Neither alloy has developed a continuous precipitate. 
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(d) 
Cu-Be-Co-Te 
Figure 34 c,d. Solution treated plus 10 minutes at 450UC.  Bright 
field light micrographs showing commercial alloy 
has been completely transformed by cellular precipi- 
tation while the Te treated specimen has now developed 
a continuous precipitation seen as a plaid type 
contrast.       ;QO 
entirely transformed by discontinuous precipitation while the Te 
specimen is now developing a continuous precipitate over most of 
the grain interiors.  The cellular reaction, though now present at 
most boundaries, has not grown any further into the matrix.  The 
observation that some areas are free of continuous precipitation 
means that it is just now starting to develop.  The late develop- 
ment of a continuous precipitation and the comparatively slow growth 
of the discontinuous precipitation in the Te treated specimen with 
respect to the Co specimen indicates that perhaps it is the cellu- 
lar precipitation, not the continuous precipitation, that is being 
directly affected by the Te addition. 
Furthermore, the extent of growth of the cells in the Ce and 
Te specimens, as seen in Figures 33 and 34 show that the cells have 
seldom reached more than 4 urn into the grain interior before their 
progress was stopped. With such a growth rate we cannot explain 
the complete transformation of the commercial Co specimens even 
with the difference in grain size since the grains in the Co speci- 
men are on the order of 20 ym.  It appears, then, that at high 
temperatures the growth rate of the discontinuous cells in the Te 
and Ce specimens has been retarded with respect to that in the Co 
alloy.  It also follows that in the Bi alloy the kinetics have not 
been affected in any detectable way. 
If, indeed, there is an effect of Te and Ce on the cellular 
reaction we are only noticing it at high aging temperatures.  This 
is not unexpected since the rapid development of the continuous 
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precipitation at low temperatures makes it the dominant precipitation 
mode and eventually it is responsible, along with the action of the 
Co, for stopping the cellular reaction. Also, at low temperatures, 
as previously mentioned, it is believed that the grain boundary con- 
centration of the additives is relatively small due to slow bulk 
diffusion rates. 
At the higher aging temperatures, where cellular precipitation 
should dominate we would expect to see some differences if the cell 
fronts could accumulate enough of the additive. With some increase 
in the diffusion rate as well as the potential to pick up impurities 
as the cell sweeps through the matrix there is a higher probability 
that the reaction front can become enriched with the additive. 
The differences between the Te and Ce treated specimens and the 
Bi and Co specimens seem real and are not attributable merely to a 
grain size effect.  Te is generally reported as a stronger segregant 
in Cu than Bi and is showing an effect on the reaction, whereas, Bi 
is not.  However, Bi, too, is a very strong segregant, probably 
stronger than Ce, so it is not possible to draw any clear correlation 
between the additives known behavior-in pure Cu and its effect 
on the cellular precipitation in Cu-Be.   Yet, the evidence 
exists that some highly segregating atomic species might 
be capable of influencing cellular reactions in alloys. 
The suggestion that segregation of the additive to the 
advancing boundary is affecting cell growth is not without prece- 
dent. Lucke and Detert,    noting that minor additions (0.1%) 
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of Fe to pure Al can decrease recrystallization rates by factors 
1 fi 
as high as 10  proposed a model where the mobility of solute 
enriched grain boundaries is decreased by a form of solute drag. 
This will occur if the solute diffusion rate is slow and if the 
temperature is low enough that the boundary cannot break away 
(44) from the segregant. Oriani   proposed that impurities absorbed 
on an advancing grain boundary can impede the efforts of solvent 
atoms to attach themselves to the growing grain by occupying 
sites necessary for continued growth. He also proposed that 
the boundary can become enriched with the impurity as it sweeps 
(45) through the vanishing grain. Rowe  ' applied Oriani's model 
to explain the role of absorbed grain boundary nitrogen in 
inhibiting grain growth in silicon iron. He proposed that even 
at very low grain boundary segregation levels, active sites 
for the transfer of matrix atoms can be "poisoned" and made 
inefficient by the presence of nitrogen. 
4.4 Hardness Data 
All of the experimental alloys looked at in this study did 
develop a continuous precipitate that resulted in significant 
hardening of the matrix over the solution treated state when given 
a full aging treatment of 24 hours at 300 C. This can be seen 
below in the measured microhardness data of these alloys. 
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Material Solution Treated Only  S.T. + 24 hrs. @ 300°C 
Cu-Be-Co (commercial) 118 + 30 DPH 384 + 10 DPH 
Cu-Be-Al 361 + 15 
Cu-Be-Zr 385 + 20 
Cu-Be-Co-Bi 119 + 10 391 + 15 
Cu-Be-Co-Te 106+5 403 + 5 
Cu-Be-Co-Ce 73+15 402 + 10 
The hardening potential of each of the alloys is in all cases 
close to that of the commercial alloy. 
The softness of the cellular aggregate as compared to the 
hardened matrix is reflected in the following measurements made 
on the Cu-Be-Al alloy aged 24 hours at 300°C 
Hardness (DPH) 
Matrix 361 + 15 
Cellular aggregate 272+5 
Such a difference in hardness between the two transformed 
regions can result in an overall hardness difference between 
materials with different volume percentages of cellular precipi- 
tate.  This is believed to be the case for the specimens shown in 
Figure 32.  The thermal history of these specimens naturally 
leads to an overaged continuous precipitation. However, the matrix 
remains harder than the cellular precipitate and the volume 
percentage of cellular precipitate is believed to be largely 
responsible for the variations of hardness for these specimens 
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reported below: 
Materials Hardness CDPH) 
Cu-Be-Co (commercial)    238 + 5 
Cu-Be-Co-Bi 250 + 10 
Cu-Be-Co-Te 256 + 10 
Cu-Be-Co-Ce 272 + 5 
i- ■• -1 
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5.   SOME NOTES ON THE DETECTION OF ADDITIVES IN THE ALLOYS 
As previously mentioned, all efforts with STEM X-ray micro- 
analysis to detect the presence of Bi and Te within the Cu-Be alloy 
structures have failed.  Several attempts were made to detect 
Ce at cell fronts and grain boundaries that had apparently been 
affected by the Ce addition, such as those seen in Figure 33, 
but it was not detected.  Ce has been detected only when it 
is present in a second phase at grain edges and grain boundaries. 
Yet, our experimental results lead us to believe that these 
elements are present in parts of the structure where they have 
not, as yet, been detected. 
The solute segregation at features such as grain boundaries 
and cell fronts, if occurring, is believed to be on the order 
of a monolayer or less.  Such small quantities ofSolute will be 
detectable only if they exceed the minimum mass fraction (MMF) 
of the species in that matrix.  Joy and Maher    have derived 
an expression for predicting the MMF detectable by STEM from 
first principles. All the necessary information for applying 
this formula to Bi, Te, and Ce in Cu is not available. They 
have estimated, however, a typical MMF for a heavy element 
in a medium weight matrix, such as Au in Fe, of 6 wt%.  This 
MMF would be specific for a foil thickness of approximately 
o o 
1000A and for 100 kV STEM mode with a 100A spot size at 20 amp/ 
2 
cm incident electron flux. 
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Using a 6 wt% MMF as an approximation for our materials let us 
assume a thin specimen with no beam spreading, a grain boundary 
thickness of 10A and a well placed 100A incident electron beam. 
Under this ideal case, assuming matrix solute is negligible, the 
grain boundary would have to be approximately 50 wt7D segregate if 
it is to be detected. 
If we consider a more realistic case with specimens on the 
order of 2500A thick where beam spreading in Cu is approximately 
850A and a 300A incident electron beam we find that the volume of 
the grain boundary as compared to the total X-ray emission volume 
has decreased substantially.  The grain boundary now occupies 
i 
approximately 1% of the X-ray emission volume as compared to 
approximately 13 vol% for the ideal case previously described.  If 
we again assume a 6 wt% MMF we would need a grain boundary solute 
concentration of over 600 wt% for detection. 
Thus, in trying to detect monolayer type segregation in this 
alloy we are working near the limits of detectability for the 
instrument.  Surely, then, the inability, thus far, to detect these 
impurities by STEM is in no way an indication that they are not 
there. 
The detection of species of monolayer dimensions on grain 
boundaries is going to be difficult unless total collected X-ray 
counts increase or spacial resolution improves.  The use of a 
higher brightness electron gun, larger beam diameter or longer 
counting time will increase the counts collected.  Counting time, 
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however, is limited by contamination build-up and specimen drift 
problems.  Larger diameter beams and thicker specimens will in- 
crease X-ray counts but act to limit spacial resolution.  Some 
evidence will be given in Appendix I that suggests that it may be 
possible to detect these additions with STEM at the levels we are 
expecting and that a 6 wt% MMF might actually be a higher estimate 
than the true MMF values. 
Auger Electron Spectroscopy (AES) was investigated as a means 
of detecting the expected solute segregation because of its excel- 
lent spacial resolution characteristics.  This technique requires 
in situ fracture of a specimen such that the interface of interest 
becomes exposed and is disturbed as little as possible. 
A composite Auger specimen was prepared using the 0.25 mm Cu- 
Be-Co sheet.  Samples of the Ce, Bi, and Te treated material were 
included in the composite.  The specimen had been given a 500 C 
diffusion treatment for one week.  This was followed by a solution 
treatment of 1 hr. at 800 C and a 24 hr. age at 300 C.  The speci- 
men was fractured in the high vacuum of the specimen chamber 
-9 (<v,10  torr) and the fracture surfaces were, examined for any 
evidence of the additives. 
The results of the investigation showed no evidence for any 
additives on the fracture surfaces.  No differences were observed 
in the Auger electron signal between the commercial Cu-Be-Co alloy 
and those treated with the additives.  There are several possible 
reasons for these results.  It was seen in Figure 30 that, when 
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cooled to liquid nitrogen temperatures, these samples showed clear 
intergranular fracture, thus exposing the grain boundaries for 
analysis.  The failure mode of the actual specimens of this Auger 
test showed some intergranular nature to the fracture but super- 
imposed on top of this was a large amount of ductile deformation in 
the form of dimple rupture.  This is believed to be caused by the 
inability to cool the specimen down efficiently.  Though specimen 
temperature was not monitored it was estimated from previous 
experiences that it broke at about -30 C. When such a fracture 
mode occurs, even if it is intergranular, dimple formation will 
very effectively disrupt a 10A thick grain boundary by deforming 
it in a ductile manner through distances of ^20,000A. This will 
result in a significant dilution of any signal from the segregant 
and possibly bring it to levels below- the detectability limits of 
the instrument. 
Another possible reason for the results is that, as previously 
discussed in Section 4.3.2c, for kinetic reasons the grain boundary 
concentration of the segregants after only 24 hours at 300 C is 
expected to be rather small.  This would, of course, lessen the 
likelihood of detecting any segregation that might be occurring. 
It is concluded that AES inspection as a means of investi- 
gating grain boundary segregation in this alloy will be difficult. 
This is due primarily to the presence of hard, grain boundary 
precipitates near the soft, solute depleted Cu matrix which results 
in distortion of the boundary by dimple rupture.  Very low tempera- 
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ture failure will minimize this but not eliminate it.  Testing of 
solution treated specimens will eliminate the y  precipitates from 
the boundary but the matrix will be very soft and failure will 
occur by ductile tearing unless boundaries are severely embrittled 
making the alloy useless as an engineering material. 
V 
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6. SUGGESTIONS FOR FUTURE WORK 
The suggestion has been made that Ce and Zr have stabilized 
some boundaries from developing a cellular precipitation and that 
Te and Ce have stabilized cell fronts, thus slowing or stopping the 
cellular reaction in Cu-Be.  No direct microanalytical evidence is 
available to support this suggestion.  Rather, it is based on known 
behavior patterns of these additives in Cu.  This hypothesis, there- 
fore, needs to be tested.  Direct detection of the impurity segre- 
gating to stabilized boundaries or cellular reaction fronts would 
lend some support to this suggestion. Attempts to detect Bi and Ce 
at cell fronts have been made with STEM but were unsuccessful in 
detecting either of these species at cell fronts or in the matrix. 
Future work then, must locate the additions within the microstruc- 
ture and from that data explain the effects we are observing. 
From a practical standpoint, the principles operating behind 
the effects of Te and Ce must be extended to be active at lower 
temperatures.  The use of Te to suppress the cellular reaction does 
not seem very practical since its effect is noticed only at very 
high aging temperatures where the alloy would not normally be aged. 
Ce and perhaps Zr, additions need to be studied more closely 
since they seem to have an effect at standard aging temperatures in 
preventing nucleation at some boundaries.  If possible, Ce additions 
within its solubility limits in Cu should be studied to prevent 
formation of the Ce grain boundary phase which is not desirable 
from a mechanical property standpoint. 
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7. SUMMARY 
By the use of electron diffraction, the breakdown of the Cu- 
1.85 Be solid solution for the Berylco 25 alloy was followed.  The 
sequential development of metastable phases was found to be 
y  -v G.P zones -*. y" "*" Y?  "♦" Y 
ss 
The structure of each of the phases is defined but all are approximate 
due to the nature of the diffraction effects observed. 
Evidence is given to suggest a G-P. zone solvus exists between 
400 C and 425 C above which nucleation of the continuous precipita- 
tion is not observed in the commercial alloy.  On aging above 500 C 
coarse, lath equilibrium Y rapidly precipitates out, apparently 
without prior precipitation of metastable phases. 
Cellular precipitation in the commercial alloy is found to 
initiate with the formation of grain boundary Y precipitates 
oriented preferentially with one grain.  These precipitates serve 
to set the grain boundary in motion.  The development of the lamel- 
lar Y/matrix cell follows after the boundary has been set in motion. 
Growth of cells is rapid as long as the matrix is supersaturated. 
If a general precipitation is depleting the matrix of solute, 
growth is sluggish.  For this commercial alloy, cellular precipita- 
tion is a significant reaction on aging above about 350 C. Above 
500 C the rapid development of coarse intragranular Y stunts the 
cellular reaction. 
Examination of alloys containing  Cu-1.9 Be with 0.5 wt% of 
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either Al or Zr substituted for the 0.25 wt% Co showed that Co, 
does play a role in grain size control and low temperature 
suppression of the cellular reaction in these alloys. At high 
temperatures it is ineffective in inhibiting cellular precipi- 
tation. The substitution of Al for Co, while not interfering 
with the continuous precipitation, results in a marked accelera- 
tion of cellular precipitation.  Zr, on the other hand, seemed 
to slow down the kinetics of the general precipitation and 
possibly stabilized some boundaries from going discontinuous. 
Those boundaries that did go discontinuous showed rapid cell 
growth so the kinetics of the reaction were not impeded by Zr. 
The effects of Te, Bi and Ce on the precipitation in Cu- 
1.85 Be-0.25 Co were studied by diffusing each specimen into 
the commercial material* Of these, only Ce was found to be present 
in the structure in detectable quantities as a second phase along 
grain edges and on some grain boundaries. There is evidence, 
however, that Bi and Te also were present in their respective 
materials. 
None of these additions were seen to have any effect on 
the development of the continuous precipitation. Under standard 
low temperature aging conditions, the cellular reaction seemed 
to be unaffected by any of the additions except Ce which appeared 
to prevent nucleation at some grain boundaries. 
On aging at high temperatures, above the.G.P. zone solvus 
for the commercial alloy, the Ce and Te treated alloys showed a 
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minor amount of cellular precipitation, while the commercial 
alloy and the Bi treated alloy underwent complete cellular trans- 
formation.  Evidence is given that in the Te treated specimen 
the cellular reaction is slowed down compared with the commercial 
alloy and this allows the eventual nucleation of a general 
precipitation by y" or y'. 
Both Te and Ce are highly segregating species in Cu.  It is 
proposed that accumulation of Te or Ce to the cellular reaction 
front slows down the reaction by affecting grain boundary mobility, 
energy or diffusivity. This suggestion remains to be tested 
since there is an absence of data indicating segregation of these 
elements to the cell front.  Further work is needed to locate 
the additives in the microstructure.  If they are found at the 
cell front it could suggest that highly segregating species 
might be used to control cellular reactions. 
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APPENDIX I 
Detection of Bi in Pure Cu by STEM 
Despite the limitations of STEM in detecting small 
quantities of segregants in structures, there is some evidence 
to suggest that it is possible to detect some highly localized 
segregation effects with this technique.  Doig and Flewitt 
were able to detect P and Sn segregation to grain boundaries 
in temper embrittled Fe-3Ni.  Grain boundary concentrations 
of as low as 2.5 at% Sn were reported. 
This study investigated the possibility of detecting 
Bi segregating in pure Cu. To do this, 3 mm discs were punched 
from 0.25 mm thick pure Cu sheet.  The surfaces of the Cu were 
abraded with 600 grit paper and cleansed in acetone.  Both sides 
of the specimen were coated with Bi in a vacuum evaporator. 
The samples were then vacuum encapsulated, aged for a week 
at 400 C, upquenched to 1 hr. at 800 C, then water quenched 
to room temperature. One sample was examined after this 
treatment and others received further heat treatments of 3 days 
at 500 C or 1 day at 600 C.  Samples of each were prepared 
for STEM analysis by ion thinning. 
For all the samples examined there were Bi rich phases 
present at some triple points.  This was taken as evidence that 
the structure was saturated with Bi.  TEM investigation of 
grain boundaries showed there was no evidence of precipitation 
or second phases other than at triple points. 
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Numerous grain boundaries in each specimen were checked 
for Bi segregation. When Bi was found on the boundary, the 
matrix adjoining the boundary was checked for Bi.  X-ray data 
were converted to wt% by the Cliff-Lorimer k factors.  To 
further reduce the data a simple model proposed by Doig and 
(47) Flewitt    was used to calculate the composition of the grain 
boundary from the composition measured by the probe at the 
boundary position.  The model has been adapted to account for 
beam spreading which is significant in these foils. A grain 
boundary thickness of 10A is assumed and the X-ray emission 
volume is taken as a truncated cone with a top diameter equal 
to the spot size (d) and bottom diameter broadened by 
beam spreading is taken as b + d.  The beam spreading (b) 
is calculated using Goldstein's    equation: 
b = 625 f <JL) t 3/2 
where t is specimen thickness and is calculated from the 
separation of contamination spots. 
Thus the emission volume is as shown in Figure 35 and can 
be expressed as: 
2 
Vol = —■ (d2 + bd + ^-) 
The equilibrium solubility of Bi in Cu is negligibly small and so 
all the Bi detected at the grain boundary position was assumed to be 
contained in the boundary itself.  The volume of the grain boundary 
is then approximated by (10)t (d + —).  One can then perform a mass 
131 
ch SPOT   SIZE 
b: BEAM   BROADENING 
Figure 35. Model of assumed X-ray emission volume 
containing a 10A thick grain boundary. 
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balance, since the X-ray data yields wt%, to calculate the Bi 
content of the grain boundary.  When allowances were made for the 
matrix to contain its equilibrium concentration, no significant 
differences in grain boundary Bi content was calculated. 
Below are the calculated grain boundary compositions 
calculated for our data using the above model: 
Heat Treatment 
1 hr.@ 800 C  24 hrs.@ 600°C  72 hrs.@ 500°C 
No. of boundaries 
showing detectable 
levels of Bi 
segregation 
Calculated grain 
boundary compo- 
sitions (wt% Bi) 
Measured matrix 
composition 
very few 
18. + 3. 
5. + 2. 
negligible 
several 
40. + 10. 
35. + 6. 
75. +15. 
60. + 10. 
negligible 
several 
25. + 5. 
50. + 10. 
22. + 6. 
negligible 
The values reported above represent the computed value and 
the 99% confidence interval of boundary composition when multiple 
readings on the individual boundary are accumulated to enhance the 
total number of collected counts.  The ranges do not account for 
all possible errors that can arise in attempting to quantify the 
data. Numerous souces of error are present in these calculations 
that were not considered in fixing the above compositional ranges. 
A brief description of some of these sources of error is in order. 
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Peak intensities gathered in the X-ray spectrum are converted 
to wt% by Cliff-Lorimer k._ factors such that 
AB 
CBi        TBi 
C_   kBiCu Ir Cu Cu 
A possible major error in quantifying the data is in the 
uncertainty in the k ._ factor. An approximation of this factor 
was found by using an extrapolated value for k_,0., a reported BiSi 
liiSi 
value of k„ c., and employing the relationship k„.„ = -. . 
CuSi 
There are no reported values of kR.q. in the literature. A 
value of 2.8 for k_.c, was extrapolated from reported values DlOl 
i 
of k vs. X-ray energy for some L line radiation by Sprys and 
Short^  ^ for a Philips 300 TEM instrument.  A value of 1.59 
(49) 
for kp q. is reported by Goldstein    and this yielded a 
k_.„ value of 1.76 which was used to convert the X-ray BiCu J 
data to weight percents.  The accuracy of this number is unknown, 
thus, there is an error of unknown magnitude associated with the 
calculation of k_.r itself. 
Another significant error is attributable to the X-ray 
counting statistics in STEM microanalysis. The X-ray count 
rates in STEM are so low that counting statistics result in 
large uncertainties in composition determination. 
It is generally assumed that STEM X-ray data conform to 
Gaussian statistics.  If this is so we can test for the signifi- 
cance of peaks in that a valid peak should exceed background 
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h intensity (I, ) by 3(21, ) .  Under this criterion few, if any, 
of the Bi "peaks" observed in this study would be considered 
significant.  Yet, certain boundaries consistently yielded higher 
X-ray counts in the Bi peak window than in the background windows, 
while off the boundaries no deviation from background levels was 
observed (see Figure 36). 
If we do assume Gaussian behavior the small number of counts 
in the Bi peak results in an uncertainty in composition related 
to — such that the true composition should be represented by 
N + 3 /N.  With the small peak counts measured in this study, 
sometimes as low as 30 counts above background, there is a 
large error associated with the composition determination of 
each individual reading.  Errors of + 50 relative % due 
simply to the low count rates are possible.  The total error 
would be the sum of counting errors and the error in k but not 
knowing the error of k means we can say only that pur possible 
error is greater than + 50 relative %.  Accumulation of readings 
on individual boundaries will increase counts and decrease the 
associated error but it makes the assumption that boundary 
composition does not vary locally. This assumption was made in 
calculating the grain boundary compositions reported earlier. 
An error associated with the inaccuracy of foil thickness 
determination is also present but no accounted for in the 
above reported range. 
Despite all the potentials for errors, the consistency 
with which some boundaries showed detectable quantities of 
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(a) 
II. M   CUT- 
• l-W LAI    ll.HKEV 
(b) 
Figure 36b,c. 
ntn   is.** 
Sample STEM-EDS spectra collected from (b) grain 
boundary region of sample and (c) matrix 800A 
away from the grain boundary. 
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Bi while it was not detectable in the matrix or on other 
boundaries assures us that what we are measuring is real. 
Moreover, the values for grain boundary Bi concentration are 
in reasonable agreement with the values reported from AES studies. 
Joshi and Stein    report for an annealing temperature of 
550 C, a maximum grain surface composition of approximately 
30 at% which would correspond to a 60 at% (83 wt%) for a common 
(52) boundary between two grain faces.  Powell and Mykura 
looked at Bi saturated Cu and report average grain boundary Bi 
concentration close to 85 at% (95 wt%) with a maximum value 
of approximately 116 at% (139 wt%).  Powell and Woodruff^53^ 
report a mean grain boundary Bi concentration of approximately 
1 monolayer (100 wt%) for Cu-60 ppm Bi annealed at 500 C.  In 
light of these values our values of 35 to 75 wt% Bi for a 600 C 
anneal are reasonable and of the order of magnitude we would 
expect.  Our values of 22 to 50 wt% Bi for 500°C anneal are 
slighly lower than we would expect but this could be a sampling 
effect. 
As an equilibrium phenomenon the segregation of Bi to Cu grain 
boundaries is temperature dependent and the extent of segregation 
at elevated temperatures decreases.  Our finding that very few 
boundaries of the 800°C specimen had detectable Bi levels while 
many boundaries were found to contain Bi after the lower temperature 
anneals is qualitatively consistent with this.  Those boundaries that 
were found to contain Bi for an 800 C anneal had a relatively low 
Bi concentration compared to the levels measured on samples annealed 
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at lower temperatures which is again consistent with the model. 
Such good agreement was really not expected since we examined 
12 to 15 boundaries per sample, and this does not constitute 
a large sample population. 
Thus, X-ray microanalysis with STEM has proven to be useful 
in the study of equilibrium segregation of Bi in Cu.  Work needs 
to be done in refining ways of translating small signals to 
accurate quantitative data for studies of this kind.  High 
brightness guns and very high vacuum contamination free sample 
environments will assist in detecting even smaller quantities 
than those in this study. 
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